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Abstract 
 
 
In this Masters thesis computational modelling techniques were employed to investigate 
iron-free apo-Lactoferrin (apo-Lf) structural conformation changes in the presence of 
variant temperature and pH. These conditions represent the environment most milk 
protein goes through in food processing and the production of food products.  
 
Lactoferrin (Lf) is an iron-binding glycoprotein present in secretory fluids of nasal, 
pancreatic, amniotic, seminal plasma, saliva and tears, and in milk secretions such as 
those from human and bovine sources.  It is reported to have multifunctional roles such 
as antibacterial, antivirus, antifungal, anti-inflammatory and anticancer activities.  
 
In order to explore apo-Lf’s potential as an encapsulant for probiotics, sequence 
alignment was employed to identify a region on the C-lobe of Lf capable of binding to 
bacterial cell surfaces, followed by all-atom explicit solvent molecular dynamics (MD) 
simulations which were applied to study the conformational changes of apo-Lf after 
exposure to three processing temperatures: pasteurization (72 °C), spray drying (90 °C) 
and close to ultra-high temperature (UHT) (135 °C) in a pH 7.0 environment.  
 
Below 90 °C, the simulations indicate relatively minor changes in overall protein 
structure, dimensions, per-residue fluctuations and inter-residue contacts and motional 
correlations, relative to a low temperature (27 °C) control simulation, consistent with 
experimentally-known conservation of apo-Lf structure and properties at low thermal 
processing temperatures. At conditions similar to UHT (127 °C), however, marked 
disruptions to protein structure are predicted to occur at a number of levels. There was a 
substantial decrease in protein dimensions due to collapse in the inter-lobe region, 
causing a reduction in separation between the N- and C-terminal lobes. The α-helical 
content was reduced, although much of the β-pleated sheet structure was retained. There 
was a marked increase in residue fluctuations in several regions of known functional 
importance, including the antibacterial and iron-binding regions, as well as a C-terminal 
area predicted to play a role in bacterial membrane surface binding. It is proposed that 
this putative membrane binding region was stabilized by a triplet of hydrophobic 
 10 
 
 
residues comprised of Leu446, Trp448 and Leu451, and that their mutual interactions 
are severed at 400 K, resulting in changes to the structure, and potential membrane 
binding propensity, of this region. Network analysis of disruptions to inter-residue 
contacts also identified large clusters of residues in the N-terminal lobe which lose 
contacts with their neighbours. Taken together, UHT conditions are therefore predicted 
to cause disruptions to multiple functional properties of apo-Lf.  
 
Furthermore, a unique method was proposed for identifying thermal-induced protein 
unfolding based on examining the topology of networks of inter-residue motional 
correlation gain for high-temperature simulation trajectories relative to a low-
temperature control simulation.  
 
To further explore apo-Lf’s potential as an encapsulant for Gram-positive bacteria, MD 
simulations along with examining topology networks were applied again to study the 
pH-induced protein unfolding of apo-Lf after the exposure of pH conditions potentially 
experienced by the protein in the course of its lifetime as a food component product, 
from processing to consumption. This was achieved by studying the effects of 
“extreme” acidic (nominally pH 1.0) and basic (nominally pH 14.0) conditions on apo-
Lf relative to neutral pH 7.0. These simulations predicted that pH 1.0 conditions 
affected parts of the N-Lobe, the lobe where the antibacterial peptides are located, while 
the pH 14.0 conditions affected the C-Lobe, the lobe in which the identified Gram-
positive bacteria binding peptide is found. Overall, the MD simulation studies of apo-
Lf, showed protein structural deviations which might have implications for the 
temperature- and pH-dependent properties of the bacterial cell binding regions 
identified in apo-Lf.  
By enabling the thermal and pH sensitivity of several regions of functional importance 
to be identified, the results of these simulations can be used to further assist in the 
prediction of conditions suitable for successful protection and encapsulation of lactic 
acid bacteria using bovine milk protein materials such as lactoferrin. The outcome of 
this thesis can benefit the functional food and pharmaceutical industry by offering an 
alternative encapsulation material. 
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XRD X-ray Diffraction 
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Chapter 1 
Introduction 
This chapter provides the background, issues, research aim and objectives. In addition, 
this chapter also provides an outline of different chapters of the thesis. 
 
1.1 Background 
Probiotics from the Bifidobacterium and Lactobacillus genus are currently of high 
interest, due to their health benefits, and the fact that these bacteria are generally 
regarded as safe for human consumption [1]. These lactic acid bacteria (LAB) are  
commonly used in the food industry for fermentation and to benefit the host by 
regulating gut health to assist the breakdown of sugars, promote good digestion, boost 
the immune system, maintain proper intestinal pH, and successfully compete with 
pathogens [2, 3]. To provide such benefits to the host, these bacteria must be active and 
be delivered at a minimum dosage of 10
6
 – 107 CFU/g [4] under the physiological and 
processing conditions to which they are exposed.  
The use of milk protein as an encapsulating material is gaining interest due to its 
commercial availability, the ability to adjust its gel formation to match the bacterial 
environment, the capability of the milk protein to encapsulate any hydrophobic and 
hydrophilic live bacteria, and its nutritional importance [4, 5, 6]. In a previous project 
by Khem [7], the author searched for protective encapsulants and demonstrated that the 
whey proteins component offered a promising encapsulation material for the coating of 
Lactobacillus plantarum A17 and B21. These strains that belong to the Lactobacillus 
genus had been generally accepted as bacterial species ascribed to the general category 
of probiotics [8].  
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Most bacteria have a high affinity iron acquisition system [9] as part of their metabolic 
pathway in order to function.  However, Archibald [10] found that Lactobacillus 
plantarum species have a very low affinity for iron and this provides Fe-free L. 
plantarum with a competitive advantage in its natural habitat. This unique characteristic 
means that while being encapsulated by an iron-scavenging protein, Lactobacillus 
plantarum would be able to deliver beneficial advantages to the host without any 
detrimental effects, and  still be able to carry out its antibacterial action on pathogenic 
bacteria such as Escherichia coli, Listeria monocytogenes and Shigella flexneri [11].  
In this project, lactoferrin, a minor whey protein with its well documented iron-
scavenging property, has been hypothesised as a protein with the potential to be an 
encapsulant for L. plantarum.  Bovine lactoferrin, which forms the minor constituents of 
whey protein, made up about 0.1 g/kg in milk [12].  This minor protein, from the same 
category of whey proteins, has the potential to be an encapsulant for probiotics; 
however the stability of the overall protein fold, the motional fluctuations of the side-
chain residues, secondary structure changes, and intra-molecular interactions, with 
respect to changes in processing conditions such as temperature and pH are yet to be 
explored at the molecular level.  In addition, the implications of changes on functionally 
relevant regions on the protein, including the bacterial-binding region deduced from 
theoretical models, can be used to further assist in the prediction of successful 
protection and encapsulation of Lactobacillus plantarum using Lf after various 
treatment conditions.  
In this thesis, the focus is on the iron-free form of bovine lactoferrin (apo-lactoferrin, 
apo-Lf), for the following reason: part of the potential benefit imparted by lactoferrin as 
an encapsulator of L plantarum is its iron-scavenging capability, which potentially 
serves a bacteriostatic function by depriving competing pathogenic microorganisms of 
essential iron, while causing no such negative effects on L. plantarum itself (the bacteria 
protein is purported to protect), which does not require iron. Thus, apo-Lf is the most 
functionally relevant isoform in the context of its potential application as a probiotic 
encapsulant protein.  
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1.2  Research Aim and 
Objectives 
1.2.1 Aim 
To understand the stability of apo-Lf under a variety of high temperature and 
extreme pH conditions using Molecular Dynamics simulations.  
1.2.2 Objectives 
To investigate the effect of various processing temperatures on the stability of apo-Lf 
protein structure under food processing conditions: room temperature (27 °C), 
pasteurization (72 °C), spray drying (90 °C) and close to UHT (127 °C). To investigate 
the effect of pH on the stability of apo-Lf protein structure using “model” extreme pH 
conditions, nominally pH 1.0 and pH 14.0. Accordingly this project was also designed 
based on the following hypotheses:  
i. The multifunctional lactoferrin could attach to the bacterial cell surfaces.  
ii. A region on lactoferrin exists which has sequence similarity to LysM (a 
known membrane-binding peptide, known to attach to Gram-positive and 
some Gram-negative bacterial cells).  
iii. Insights into the stability of Lf can be monitored using advanced 
computational methods.  
iv. The stability of Lf is affected by temperature. 
v. The stability of Lf is affected by pH.  
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1.3 Thesis Outline 
This thesis has been written in six chapters including this introductory chapter. Chapter 
1 provides an overview of the research project followed by background and literature 
review (Chapter 2) where relevant concepts relevant to this project were reviewed. 
Chapter 3 describes the methods and procedures utilised in the whole project including 
the principle of operation for the computational methods and analysis.  
Chapter 4 explores the effect of pasteurization, spray drying and UHT temperature- on 
structural changes of apo-Lf and provided potential implications for bacterial 
attachment. Chapter 5 investigates the same in silico study that further explored variant 
extremes of pH on the structural changes of apo-Lf and provides further implications for 
bacterial attachment. Finally, a general discussion and conclusions chapter discusses 
and summarises the key findings in this work and also presents recommendations for 
future work. 
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Chapter 2  
Background and Literature Review 
In this chapter, the background and current literature related to this Masters project was 
reviewed. In particular, relevant scientific literature on milk proteins and the use of 
computational techniques and simulations for protein studies were revised.  
 
2.1 Milk Proteins  
In order to utilise molecular dynamics simulations to examine the molecular-level 
behaviour of Lf under conditions relevant during food processing (temperature) and 
digestion in the gut (pH), it is very important to understand whey proteins stability 
during thermal processing and also in a highly acidic condition.  
Milk is the secreted white fluid from female mammary gland, high in nutritional value 
and immunity for young offspring in their early stage of life development. The most 
commonly sourced milk in the world is from bovine cows, other milk sourced for 
example includes caprines and horses.   
Bovine milk is rich in fat, proteins, lactose, water and minerals while the qualitative 
amount varies for different animals and species.   
In bovine milk, one litre contains approximately 33 g of milk proteins which can be 
grouped into two classes: caseins and whey proteins. Commercially from cheese 
manufacturing, the caseins form majority of the solid cheese and whey protein is the by-
product. Casein proteins comprise of four types of proteins: αs1, αs2, β and κ 
representing 75-80 % of the total proteins found in bovine milk [13]. This comprises of 
10 g of αs1, 2.6 g of αs2, 9.3 g of β and 3.3 g of κ caseins while the whey protein is 
soluble in liquid representing 20-25 % of the total proteins. They are made up of major 
 27 
 
 
proteins: 3.2 g of β-Lactoglobulin and 1.2 g of α-Lactalbumin and minor proteins: 0.4 g 
of bovine serum albumin, 0.7 g of immunoglobulin’s, 0.8 g of proteose peptone and 
0.00002 – 0.8 g of lactoferrin depending on the bovine’s involution lactation period [13, 
14, 15, 16, 17] (Figure 2.1).   
Bovine Milk
Proteins
(~33 g/L)
Casein
~26 g/L (75-80%)
Whey protein 
~6.3 g/L (20-25%)
  β-Lactoglobulin
  α-Lactalbumin
  Bovine Serum Albumin
  Immunoglobulins
  Proteose peptone
  Lactoferrin
  αS1 
  αs2
  β 
  κ  
3.2
1.2
0.4
0.7
0.8
>0.8*
10
2.6
9.3
3.3  
g/LMilk Protein g/L  Milk Protein
 
*Lactoferrin 0.00002 – 0.8 g depending on the bovine’s lactation period 
Figure 2.1 Schematic diagram of milk proteins found in bovine milk [13, 14, 15, 16, 17].  
 
2.1.1 Casein Proteins  
This section focuses on the stability of casein proteins during thermal processing and 
guts conditions.  Casein proteins, which form up to 80 % of the bovine milk proteins, 
are briefly reviewed here to provide the context. 
As mentioned in the previous section there are four types of casein proteins. These four 
casein proteins form a complex macrostructure known as casein micelle of size 50 – 600 
nm. Of this micelle, the α- (αs1 and αs2) and β- caseins are mainly packed in the centre of 
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sub-micelles units while the hydrophilic chain from the κ- caseins dominates on the 
surface of the sub-micelles giving a hairy layer of size 5 – 10 nm to the micelle surface. 
Together, casein micelles excels a high resistant to heat because they do not have 
secondary, tertiary and quaternary structures that can be disrupted by heating [18].  
The main biological function of casein micelles, is their ability to transport calcium and 
phosphate and its gelling ability related closely to its functional application in food [19]. 
Casein micelles include micellar calcium phosphate that contributes to the integrity and 
stability of the micelles. The calcium sensitive casein proteins are structured inside the 
micelle due to linkages to the calcium phosphate and κ- caseins which is not calcium 
sensitive,  surrounds the outside of the sub-micelle and forms a hydrophilic, diffuse 
layer that gives steric stability to the macrostructure [19].     
A schematic representation of a casein micelle with calcium phosphate nanocluster is 
shown in Figure 2.2 from Holt’s model; various other hypotheses of the structure have 
also been proposed.   
 
Figure 2.2 Holt’s model of casein micelle with calcium phosphate nanocluster, adapted from 
Hornes [20] 
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2.1.1.1 Denaturation of Casein Proteins 
Caseins are pH sensitive because they are polyelectrolytes, meaning polymers with 
charged side groups/chains [21]. Casein has an isoelectric point of approximately pH 
4.6. In other words, at pH 4.6, there is no net charge and the casein self-aggregate on a 
macroscopic scale.  This destabilisation of casein in milk through isoelectric 
precipitation is the basis for the production of some dairy products such as cheese and 
yoghurt.  The use of natural fermentation of milk with Lactobacillus sp. to produce 
lactic acid is commonly used in the dairy industry to manufacture these products [21]. 
Casein proteins, being pH sensitive, is unfolded/denatured by pepsin in a highly acidic  
environment of 1.5 – 2.0 [22], similar to acidic environment in human stomach. As a 
result, denatured casein proteins can take much longer to digest into their amino acid 
subcomponents than whey [23].  
During thermal processing, caseins are heat stable. In milk, the order of sensitivity of 
milk proteins to heat is: immunoglobulin> bovine serum albumin > β-Lg> α-La> casein  
[24].  
2.1.2 Whey Proteins 
These sections focus on the stability of whey proteins during thermal processing and gut 
conditions.  Whey proteins, which form up to 25 % of the bovine milk proteins, are also 
briefly reviewed here to provide context for the project. 
 
2.1.2.1 Denaturation of Whey Protein 
In this project, the effect of thermal and pH on the stability of lactoferrin was explored.  
In this regard, it is important to define protein denaturation and aggregation.  
Protein denaturation refers to the partial or complete disorganisation of its three-
dimensional structure due to disturbance of its secondary, tertiary and quaternary 
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structural interactions. The biochemical function of a protein depends on its three-
dimensional structure and ; hence, when a protein is denatured, it results in its 
biochemical activity loss. The loss of the three-dimensional structure, in some cases, 
can be reversed depending on the application of the denaturing source. In most cases, 
for a limited exposure to the denaturation source, the protein is able to ‘refold’ back, 
known as re-folding, but in extreme and extensive cases, the process becomes 
irreversible.     
There are different types of protein denaturation application, occurring through different 
physical and chemical applications and agents that disrupt the hydrogen bonds and the 
R-group (i.e. side chain) interactions. The loss of water solubility is the most common 
result of protein denaturation, where the precipitation from denatured protein releases a 
product known as coagulation. Application of heat such as to raw eggs disrupts the 
hydrogen bonds turning the egg white into a white jelly like solid. Microwave radiation 
and ultraviolet radiation also disrupts hydrogen bonds, the addition of detergent, organic 
solvents, salts of heavy metals, and reducing agents disrupts the protein’s R-group side 
chain and strong acids and bases to proteins disrupts the hydrogen bonding and salt 
bridges.  
 Proteins can become prone to intermolecular forces called protein aggregation in the 
form of  removal of hydrophobic residues and exposing them to the solvent (reduction 
in free energy) and the interaction between free –SH groups and S-S bonds of cysteine 
proteins formation[25]. This is also known as misfolded proteins that forms clumps in 
solvents.  
When heat is applied to whey proteins they become exposed to denaturation, 
aggregation and in the right condition, gelation due to instability of their structure [16, 
26]. The unfolding of the structure (denaturation) has been a major issue in the dairy 
industry as functionality of the protein is based on its three-dimensional conformation. 
A few example problems of such is the release of a sulphur containing compounds that 
gives a cooked flavour to milk and in some heating cases, the whey proteins coagulate 
and cause fouling to heat exchangers. It is problematic as the application of heat in the 
food industry is to increase quality of the food, extend shelf life of the product by 
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reducing and eliminating disease causing bacteria thus reducing food poisoning [16, 
27].  
The effect of pH on whey proteins is complicated as well because it affects protein 
charge, its structural conformation and sulfhydryl reactivity and it is not in a compact 
macrostructure like the casein micelles.  In addition, proteins in general can act as 
buffers. Buffers are organic substances that maintain the surrounding environment at a 
particular pH level.  At pH values greater than pI (pH 4.5), whey protein denaturation is 
less likely due to increased electrostatic repulsion between molecules [28].   
The pI of β-Lg is 5.3 [29], α-La is between 4.2-4.6 [30], bovine serum albumin is 4.7 
[31], immunglobulins ranges between 4.6-6.5 [32], proteose peptone is 4.7 [33] and 
lactoferrin is 8.8-9.0 [34, 35].  
Commercially, there are three types of whey protein available in the market: whey 
protein powder, whey protein concentrates and whey protein isolate. The variation is 
based on the protein, lactose and milk fat composition [36].   
 
2.1.2.2 β-Lactoglobulin  
As mentioned in Section 2.1, β-Lactoglobulin (β-Lg) is one of two major whey proteins 
in bovine milk and forms up to over 50 % in whey proteins and nearly 10 % of the total 
proteins in bovine milk [13, 14, 15, 16]. This major protein, which often reflects the 
characteristics of whey proteins, is briefly discussed below.     
β-Lg is a lipocalin protein, a family that can transport small hydrophobic molecules 
such as steroids, bilins, retinoids, and lipids [37]. In bovine milk, lactoglobulin contains 
162 amino acids on a monomeric bases and a molecular weight 18.3 kDa [38]. They are 
globular proteins, and have a secondary structure consisting of 10 β-pleated sheets, 5 
helices and random coils [39]. β-Lg is found in ruminants and monogastrics but is not 
present in human and rodent’s milk.  Between pH 2.0 – 9.0, several conformational 
changes occur in a loop composed of residues 85-90, known as  the Tanford transition 
[40]. During denaturation, β-Lg, at below pH 3.0, the monomer structure is affected by 
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changes in polypeptide chain and forms aggregation [41]. Figure 2.3 represents 
schematic diagram of β-Lg (PDB ID: 4GNY) obtained from Protein Databank 
(http://www.rcsb.org/). 
 
Figure 2.3 Schematic representation of whey protein: bovine β-Lg (PDB ID: 4GNY) [39]. 
Yellow arrows represent β-strands, purple represents α-helices, dark blue represents π-helices, 
and cyan represents turns.  
 
2.1.2.3 α-Lactalbumin    
α-Lactalbumin (α-La) is one of two major whey proteins in bovine milk and forms up to 
over 19 % in whey proteins and nearly 4 % of the total proteins in bovine milk [13, 14, 
15, 16]. This second major protein, which also reflects the characteristics of whey 
proteins, is briefly discussed below.     
α-La has 123 amino acids and a molecular weight of around 14.1 kDa, 7 β-pleated 
sheets, 7 helices and random coils [42]. α-La is the main protein in human milk due to 
the absence of β-Lg. It contains eight cysteine amino acid residues that forms disulphide 
bonds, stabilizing the three-dimensional structure. This protein is involved in lactose 
synthase and can bind one calcium ion per protein [43, 44]. Figure 2.4 represents a 
schematic diagram of bovine α-La (PDB ID: 1HFX) obtained from Protein Databank 
(http://www.rcsb.org/).  
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Figure 2.4 Schematic representation of whey protein: bovine α-La (PBD ID: 1HFX)  [42]. 
Yellow arrows represent β-strands, purple represents α-helices, dark blue represents π-helices, 
and cyan represents turns.  
 
2.1.3 Lactoferrin  
The key whey protein of interest in this project is Lf.  In order to simulate the thermal 
and pH effects on Lf as a potential encapsulation material for Gram-positive bacteria, it 
is important to review current knowledge on this well-studied whey protein.   
 
2.1.3.1 Background on Lf 
Lactoferrin was first identified in bovine milk by Sorenson and Sorenson in 1939 [45] 
and was later isolated from human in 1960, by Johansson [46]. Since then, a lot of 
studies have begun and lead to a well-studied area today [47, 48]. Past studies showed 
that this red to salmon pink coloured protein was found to have similar properties to a 
family known as transferrin, a group of proteins along with serum transferrin and 
ovotransferrin that has the ability to transport free irons in physiological fluids by the 
method of binding within its structure [49]. While serum transferrin and ovotransferrin 
are found in other sources, lactoferrin can be found in the secretory fluids such as nasal, 
pancreatic, amniotic, seminal plasma, saliva and tears and in milk secretion from 
caprine, human, cow, camel, elephant, pigs, buffalo, and mice, each with different 
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concentration between the animal species [50, 51, 52, 53]. Other locations includes 
blood (but in very small amounts) and during the process of inflammation, particular 
type of cells, such as neutrophils, take up lactoferrin, where the suspected uptake 
location is from the plasma pool [53]  
 
The concentration of lactoferrin does vary for different species. Lactoferrin from the 
milk of bovine and ruminants have lower concentrations than milk from human, 
primates, pigs and mice. Specific species such as rats, rabbits and dogs completely lack 
this protein. According to Masson and Heremeans the species that have low levels of 
lactoferrin tend to have higher levels of transferrin in their milk fluids  suggesting that 
most species will secrete a type of transferrin in the milk but a special exception is mice 
as they can secrete both types of proteins [54].  
At the commercial level, this minor whey protein is a safe and highly nutritious 
ingredient material, with an annual production of  between 80-100 tonnes to meet 
market demands [55]. Lactoferrin is commonly incorporated into many food products 
including baby formulas, probiotics, supplemental tablets, pet foods, cosmetics, 
toothpaste, therapeutic drinks, fermented milk, and yoghurt and as a natural solubilizer 
of iron in food [17, 51, 56, 57].  
 
2.1.3.2 Structure of Lf 
The bovine lactoferrin is a glycoprotein with a size of about 80 kDa and contains around 
696 amino acids in total, whereas human lactoferrin contains slightly less amino acids 
(691). Being such a large protein, the structure itself consists of 26 β-pleated sheets, 26 
helices, and 120 random coils that are part of 318 non-polar amino acids, 194 polar 
amino acids, 76 acidic amino acids and 101 basic electrically charged amino acid side 
chains. A summary is presented in Table 2.1. The structure of bovine Lf is very similar 
to human Lf with 77 % sequence identity and 60 % to the transferrin family [58]. 
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Table 2.1 Total number of animo acid residues per corresponding R-side chain groups 
located in bovine Lf 
 
R-side chain group Type Total # in BLf 
Non-polar (Hydrophobic) 
Glycine (G, Gly) 49 
 
Alanine (A, Ala) 67 
Valine (V, Val) 46 
Leucine (L, Leu) 66 
Isoleucine (I, Ile) 16 
Methionine (M, Met) 4 
Phenylalanine (F, Phe)  27 
Trytophan (W, Trp) 13 
Proline (P, Pro) 30 318 
Polar (Hydrophilic) 
Serine (S, Ser)  45 
 
Threonine (T, Thr)  36 
Cysteine (C, Cys) 34 
Tyrosine (Y, Tyr) 21 
Asparagine (N, Asn)  29 
Glutamine (Q, Gln)  29 194 
Acidic 
Aspartate (D, Asp) 36  
Glutamate (E, Glu) 40 76 
Basic 
Lysine (K, Lys) 54 
 
Arginine (R, Arg) 37 
Histidine (H, His)  10 101 
20 689 689 
 
 36 
 
 
The biological structure of bovine lactoferrin has two semi symmetric lobes, known as 
N-lobe and C-Lobe, which itself consists of two minor subsections named N1 
comprising of amino acid residues 1–90 & 251–333, N2 of 91–250, C1 of 345–431 & 
593–676 and C2 of 432 – 592, and a 3-turn helix connecting the two lobes at 334 –344 
[17]. These lobes have a 40 % sequence similarity between each other [49]. A short 3-
turn helix salt bridge acts as a flexible hinge, opening and closing of the lobes in the 
iron binding process. A schematic diagram of bovine lactoferrin is pictured with two 
irons, one in each lobe, in Figure 2.5.  
 
 
Figure 2.5 Symmetric representation of the lobes in bovine lactoferrin with 2 iron (FeIII) 
present (Purple): N and C-lobe is displayed as N1 (Blue), N2 (Red), C1 (Green) and C2 
(Orange) with a connecting three turn helix at 334 to 344 (pink) [59] 
 
2.1.3.3 Iron-binding properties of Lf 
Lactoferrin has similar functional properties to the transferrin family, with the ability to 
bind to iron, as a scavenger of irons and controlling of free irons in body fluids.  
According to Archibald [60], not all Gram-positive bacteria requires the essential iron 
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for basic biochemical processes, for example,  Lactobacillus plantarum (a probiotic 
strain) is unusual in that they respire oxygen but have no cytochromes (membrane-
bound hemoproteins that contain heme groups and carry out electron transport) [60].  
Additionally, studies have shown that bLf (from milk, but not colostrum) can act as an 
iron donor for known probioitic strains by promoting growth of Bifidobacterium sp. 
(Bifidobacterium bijidum or Bifidobacterium breve) and Lactobacillus sp. [52, 61].  
This unique characteristic means that Gram-positive probiotic bacteria, such as 
Lactobacillus plantarum, potentially would be able to be delivered to the individual 
whilst being encapsulated by an iron-scavenging protein without any interference to the 
bacteria’s viability. 
X-ray structures of the lactoferrin protein, indicate two conformations in which the 
protein can exist; one as an opened conformation and the other is closed when attached 
to an iron Fe(III), and the release of the iron is in two steps, hinge twist and hinge 
bending [49]. Due to this, lactoferrin can be further classified based on the iron 
saturation. Three forms are available: apo-Lf (iron free at 0-6 % iron saturation), holo-
Lf (iron saturated of 76-100 % saturation) and partially saturated native-Lf (1 iron atom 
of 15-20 % saturation) [17, 51, 62].  
The binding of the iron results in conformational changes to the molecular structure. 
Upon binding an iron, with the synergistic assistance of bicarbonate (HCO3
-
) 
coordinated by an aspartic acid, two tyrosines and a histidine [49], the domain would 
close over the iron as shown in Figure 2.6 and Figure 2.7.  
This produces a more compact structure, therefore making holo-Lf much more thermal 
denaturation resistant compared to apo-Lf [63, 64]. Iron release occurs below pH 4.0 
[62, 63, 65]. Although lactoferrin has a higher affinity for irons, it is also known for its 
capability to bind other minerals such as copper, magnesium and zinc [66].   
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Figure 2.6 The amino acids surrounding the iron binding site. Image adapted from Sreedhara et 
al. [51] 
 
Figure 2.7 Process of binding of free iron in Lf. Image adapted from Berg et al. [67] 
 
2.1.3.4 Antibacterial properties of Lf 
One of the areas that lactoferrin has also been researched about is its antibacterial 
properties. The iron scavenger function is part of this property, but two peptides (in the 
protein’s N-lobe) were reported to possess bacteriostatic effects against a range of 
problem-causing Gram-positive bacteria such as Streptococcus mutans [68] and Listeria 
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monocytogenes [69] and Gram-negative bacteria such as Escherichia coli, Klebsiella 
pneumoniae and Shigella flexneri. This antibacterial mode of action is by membrane 
cell leakage of lipopolysaccharide and permeability [11, 17, 70, 71, 72].     
Anti-bacterial activity of lactoferrin was first reported in 1964 by Cheeseman and 
Jayne-Willams [73], and many reports have since emerged and confirmed the ability of 
lactoferrin to exert inhibitory effects on related bacterial growth by interfering with their 
chemical pathways [68, 69, 74, 75, 76].  
A region named lactoferricin B (bLfcin), was found by Bellamy et al. [70] in 1992. It is 
positioned at residues 17 - 47 with a molecular weight of ~3.2 kDa, and is released upon 
digestion of lactoferrin by pepsin [70]. The structure is composed of 25 disulphide 
cross-linked peptides [77]. Lactoferricin is also found in humans, named lactoferricin H 
but it is lactoferricin B that poses stronger antimicrobial activity, possibly due to the 
difference of primary and secondary structures. It has also been reported that 
lactoferricin H position at 25 - 30 amino acid residues had strong bacteriostatic activity. 
The lactoferricin H comprises of 1 - 47 amino acids and a molecular weight of ~5.6 kDa 
[78].  
The second peptide with known bacteriocidal activity from the N-lobe is lactoferampin. 
Lactoferrampin is positioned at 265 - 284 amino acid residues in bovine Lf and also 
named LFampinB.  In human Lf, LFampin H, the antibacterial peptides are positioned 
at 269 - 285 amino acid residues. Although not as strong as the first peptide, there are 
reports suggesting that these novel peptides are slightly weaker in antibacterial activity 
compared to lactoferricin from bovine and human milk [17, 79, 80]. But both peptides 
can be correlated to the individual peptide’s ability to disturb membrane 
permeabilization and depolarization of bacteria [81].  Figure 2.8 represents the location 
of the two antibacterial peptides found in bovine lactoferrin.  
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Figure 2.8 Antibacterial peptides found in bovine lactoferrin: bLfcin (17 - 47) (red) and 
LFampinB (265 - 284) (orange), sequence adapted from Bellamy et al. [70] and van der Kraan 
et al. [80] 
 
2.1.3.5 Other multifunctional properties of 
Lf 
Besides the iron-binding and antibacterial properties of lactoferrin, a wide ranging 
functional usage of the minor protein has also been well studied and is briefly discussed 
in this section. 
Other functional properties of lactoferrin include: defence against viruses, fungus and 
anti-inflammation.  
As regards defence against viruses, (antivirus properties) the protein can assist in 
stopping early stages of infections by adhesion to the cell surfaces [66, 82, 83, 84] and 
can stop the growth of viruses if the host have been infected [85, 86]. The domain in 
which the antivirus function is released from is different to the antibacterial domains. 
Defence against fungal development is closely related to the iron scavenging properties 
of lactoferrin.  In addition to the iron depriving ability, Lf can attach to cell surface and 
disrupts the surface and cause membrane permeability against Candida species such as 
Aspergillus funigatus and Cryptococcus neoformans [87, 88, 89, 90, 91].      
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The anti-inflammatory property of Lf was also reported. During lactation stages of the 
bovine, the Lf concentration in the colostrum can reach up to 0.8 g/L when its milk is 
around 0.03 – 0.49 g/L [17]. The high amount in the colostrum is believed to provide 
protection  against infection and inflammation to breast-fed offsprings [92].  
Anticarcinogenic activity along the lung, gastric, intestinal and breast cell line was 
shown with lactoferrin [93, 94, 95, 96]. Activity involves inhibiting a protein that 
enhance survival of cancer cells and assisted in cell death (apoptosis) [94, 97].    
Other functional properties of Lf may  include: as a defence in biofilm development in 
the mouth, iron overload regulation, reactive oxygen formation [98], a natural 
immunoregulatory [99] and anti-parasitic functions, anti-tumor and early 
neurodevelopment and cognition [48, 50, 66, 100]. 
 
2.1.3.6 Thermal denaturation of apo-Lf 
It is well established that temperature can change the kinetic energy in hydrogen 
bonding, non-polar hydrophobic interactions and intermolecular thiol/disulphide 
interactions [17, 101, 102, 103]. 
Denaturation of Lf occurs when its three-dimensional structure stabilising forces are 
affected by harsh environmental conditions such as elevated temperature or freezing 
conditions, presences of strong base or acid.  As highlighted in Section 2.1.2.1 and later 
in Section 2.2.1, the biochemical function of a protein depends on its three-dimensional 
structure and the forces such as hydrogen bonding and salt bridges that hold it together.  
The degree of loss or alteration of these conformations of Lf may result in its 
biochemical activity loss. Denaturation of Lf due to elevated temperatures such as 
pasteurization (72 °C) and UHT (135 °C) are important as they are conditions that are 
commonly employed by the food industries to ensure food quality and safety. Although 
the effects of these processing conditions on proteins are well documented in empirical 
studies, understanding and visualising the unfolding at molecular and atomic levels at 
very short timescales will assist our understanding of the structural conformation, and 
eventually help minimise unnecessary loss of functionality or nutrients. In this section, 
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the thermal denaturation of three types of Lf (apo-Lf, holo-Lf and native-Lf) is briefly 
reviewed.  
When apo-Lf was analysed in distilled water at various temperatures (80 to 120 °C) for 
5 min [104], Abe et al. found that the heated sample was soluble at acidic conditions 
(pH 2.0 to 6.0) but insoluble (gelled) at both neutral pH and alkaline conditions (pH 8.0 
to 11.0).  This work suggested that apo-Lf was more sensitive to pH ranges that are 
close to the isoelectric point of Lf (pI of 8.0 – 9.0) than at temperatures above 80 °C.  
Both Paulsson et al. [105] and Abe et al. [104] investigated  heat induced (72 °C and 
135 °C) changes on the three forms of lactoferrin and found apo-Lf experiencing higher 
sensitivity to heat compared to the other two types of Lf. According to Paulsson et al. 
[105], the effect of both pasteurization and UHT conditions on the holo-Lf and native-
Lf, produced two transitional peaks of denaturation stages. However,  Ruegg et al. [106] 
in 1977 found one transitional peak at around 65 °C at pH 6.7 on apo-Lf [106]. The 
single peak is most likely due to the less compact structure of apo-Lf compared to the 
iron saturated holo-Lf and partially saturated native-Lf.  Additionally Abe et al., also 
found that at very high temperature (as in UHT conditions) they observed a decrease in 
the binding interaction of antibacterial region on the holo-Lf and native-Lf [105] this 
indicates that UHT conditions also affects the two other types of lactoferrin.   
Bokkhim et al. in 2013, found that the particle charges in the apo-Lf is significantly 
different to holo-Lf and native-Lf [107]. They found at temperature of 71±0.2 °C, apo-
Lf thermal denaturation was visible, (6 °C higher than Ruegg et al.[106]) at pH 6.0-7.0. 
However, Wang et al. [108]  in 2017 recorded pure apo-Lf to have a denaturation peak 
at 65.8 °C during heating to a very high temperature of 200 °C. Their work also 
demonstrated that helical structures in apo-Lf are more heat sensitive than β-pleated 
sheets as shown by an increase in turns and coils due most likely to the unfolding of the 
helical structures. 
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2.1.3.7 pH denaturation of apo-Lf 
It is well established that pH affects salt bridges and hydrogen bonds in stabilizing 
protein structures [109, 110, 111, 112]. In addition, as discussed in Section 2.1.2.1, the 
biochemical function of a protein depends on its three-dimensional structure and the 
forces such as hydrogen bonding and salt bridges that hold it together.  The degree of 
loss or alteration of these interactions of Lf may result in its biochemical activity loss.  
pH is a measure of the level of hydrogen ions in a particular solution and is measured on 
a scale of 1.0 to 14.0. Below 7.0 it is known as an acidic solution and the strength of the 
hydrogen ions is stronger closer to 1.0, while above 7.0 it is more alkaline and the 
solution is known as basic. The midpoint of the scale (pH 7.0) is known as neutral pH, 
an example is pure water [113]. 
Of the three available Lf types: apo-Lf, holo-Lf and native-Lf, the effect of pH on apo-
Lf is briefly reviewed in this section. Lactoferrin’s isoelectric point is around 8.0 to 9.0, 
and is a cationic heat stable protein under acidic environment below pH 4.0 [34, 35, 
104]. However, at pH 4.0, numerous studies [63, 65, 114] found that iron release from 
Lf occurs. Apo-Lf (iron free at 0-6 % iron saturation) is stable at high temperatures of 
90 °C for 5 minutes at pH 4.0 with no significant loss of iron-binding and antibacterial 
activity [104].  Under these conditions the apo-Lf  can easily be exposed to denaturation 
to an insoluble state once the pH is changed to above pH 6.0  [115]. At pH 7.0 the N-
lobe surface is predominantly positive, while a mixture of positive and negative charges 
exists on the C-lobe surface as shown in Figure 2.9.  
Abe et al. [104], found that heating apo-Lf at pH 2.0 or 3.0, at 100 °C and 120 °C for 5 
minutes degraded the protein but its antibacterial activity was not affected and remained 
the same as the unheated apo-Lf. However, reheating apo-Lf at 70 °C for 3 minutes and 
exposure to UHT processing at 130 °C for 2 seconds resulted in loss of iron binding 
properties when compared to the control sample of unheated apo-Lf [104].  
The degree of iron saturation of Lf affects its sensitivity to denaturation. For example, 
apo-Lf reaches denaturation state fastest compared to holo-Lf and native- Lf due to its 
uncompact structure [51]. Sreedhara et al. [51] found that when pH was reduced from 
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7.0 to 2.0, unfolding of protein structure occurred showing maximum exposure of the 
hydrophobic region at pH 3.0. This was shown by the loss  of α-helix structure and the 
increase of unordered structure, whereas the β-pleated sheet structure appeared 
unaffected at pH values 2.0 to 8.0 [51].  
Sanchez et al. [116] explored heat sensitivity of milk  in comparison  to phosphate 
buffer of pH 7.4. apo-Lf followed first order denaturation kinetics at low temperature 
(72 °C to 85 °C) and denaturation level was higher in milk compared to the phosphate 
buffer.  
 
 
Figure 2.9 Surface representation of Lf with basic (blue) and acidic (red) residues coloured, 
indicating that at pH 7.0 the N-lobe surface is predominantly positive, while a mixture of 
positive and negative charges exists on the C-lobe surface 
 
2.1.3.8 Summary of unique features of Lf 
On reviewing the scientific literature, it is evident that Lf is a multifunctional protein 
with features or characteristics that can be exploited to improve health and well-being.  
Some unique features of Lf’s structure are: 
 Its surface is positively charged which enables the binding of Lf with anionic 
bio-compounds. As shown in Figure 2.9, the positively charged moieties are 
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concentrated on the N-Lobe, indicating that at pH 7.0 this surface is 
predominantly positive, while a mixture of positive and negative charges exists 
on the C-lobe surface.  
 It has a very high affinity to iron [49, 62, 107, 117] as shown in Figure 2.6 and 
2.7. 
 The isoelectric point of Lf range from 8.0-9.0 [17, 52, 57, 118]. 
 Lf is soluble in water at any pH except the pI range [104, 115]. 
 Its antibacterial peptides are located as showed in Figure 2.8.  
 Three types of lactoferrin are available based on their iron saturation: apo-Lf, 
holo-Lf and native-Lf [17, 52, 119]. 
 Pure apo-Lf denatures at approximately 70 °C, pure holo-Lf denatures at 
approx.. 90 °C at pH 6.0 - 7.0 [104, 106, 107, 108, 120].  
 
2.1.4  Summary of Current Knowledge of 
Lf 
Upon reviewing the literature of apo-Lf it became evident that the conformations and 
interactions at microscale are not well understood. It is understood proteins are easily 
denatured when exposed to extreme heat and pH conditions and it is a requirement for 
milk to undergo a form of heat treatment (pasteurisation/UHT or both) for food quality 
and safety reasons. Current literature is largely based on, and interested in, holo- and 
native-Lf due to it having a higher heat stabilizing structure (due to the iron saturation).     
The current Masters thesis aims at further understanding apo-Lf’s conformational 
stability for potential encapsulation of Gram-positive bacteria at a molecular scale with 
selected key ranges of thermal and pH conditions. The use of molecular scale 
simulations is gaining a lot of attention in its ability to model and understand 
biomolecular structures in a simulated environment, which can offer unique insight into 
its interactions and structural movements that are not easily seen at a macroscale.  
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It is hoped that this thesis will provide fundamental microscale understanding of apo-Lf 
and provide some predictive capability to encapsulate Gram-positive bacteria and offer 
an alternative encapsulating material using milk proteins.   
 
2.2  Bacterial Surface Peptide-
LysM 
On the basis of reviews of the scientific literature I hypothesize that there is a potential 
functional application of bovine apo-Lf to encapsulate (or attach to) Gram-positive 
bacteria such as Lactobacillus plantarum (a probiotic strain). A bacterium’s surface is 
very complex and contain, but not limited to, a combination of membrane and cell-wall 
associated proteins that can be either covalently or non-covalently attached [5, 121]. 
Adhesion on the bacterial peptidoglycan depends on several factors to achieve 
successful attachment, including the physico-chemical characteristics of appropriate 
temperature, the surface roughness, the surface free energy, whether the surface 
contains charged groups, as well as the ionic strength of the medium, together with the 
role of any biological phenomena such as the presence of specific molecular structures 
on the bacterial surface or substrate [5, 122]. Thus to make the research narrower, I 
consider only a single bacterial surface component: the peptide known as LysM (short 
for lysine motif) [123] which attaches non-covalently to cell wall and is responsible for 
cell lysis [124, 125]. The structure itself is a 77 long amino acid sequence located on the 
surface of cytoplasmic membrane and cell wall, but the binding area is located between 
44 - 65 amino acid long. The characteristic of LysM domain is a very wide spread cell 
wall binding domain, present in 4,500 species of prokaryotic, eukaryotic and viral 
organs and the binding of bacterial secreted LysM is quite limited to site specific 
location on the bacterial envelope [126]. Thus, in this Masters project LysM was used 
as a means to determine, by homology, the region on lactoferrin most likely to also 
attach to bacterial surfaces. It is hypothesized, then, that this “LysM-like” region on 
lactoferrin might play a key role in the potential use of the protein as an encapsulate for 
probiotic bacteria. 
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2.3  Computational Techniques 
and Simulations for Protein 
Studies 
This chapter presents an overview of the commonly used procedures for investigating 
biological systems and proteins. The background and theory on the computational 
methods and techniques used in this project was discussed. Section 2.3.1 presents 
fundamental background understanding on protein structure. Section 2.3.2 describes the 
development of the model system, and then followed by a short review on molecular 
mechanics and molecular dynamics in Section 2.3.3 and 2.3.4, respectively. Other 
selected methods used in the project for protein sequence analysis, EMBOSS Needle, 
were discussed in Section 2.3.5. Finally, concluding the chapter with a summary of 
challenges and limitations from computational methods in Section 2.4.   
 
2.3.1 Protein Structure 
A protein is a biological macromolecule which is made up of a long chain of amino 
acids.  Each amino acid contains four elements: carbon, nitrogen, oxygen, and 
hydrogen. Some amino acids contain a fifth element - sulphur. It is one of the main 
essential macromolecules for life alongside carbohydrates and lipids. The sequence of 
amino acids determines each protein's unique 3-dimensional structure and its specific 
function. Proteins are found to be involved in the production of DNA, regulators of 
metabolic pathways, energy production, part of structural components in cells and 
tissues, storage of smaller molecules,  controlling growth and repair of living tissues 
[127].  
In this section, stability of protein structure during processing and gut conditions are 
briefly reviewed. Changes in these conditions may have significant impact on the 
structures of amino acids and hence their functions.  Most proteins can only perform 
their various functions when they are in their native form, meaning when they are 
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folded.  Protein folding is a highly complex mechanism within the cell and usually 
requires the support of molecular chaperones to avoid misfolding or denaturation.  Once 
the protein is denatured, its ability to perform certain functions may be removed or 
altered.  Amino acids, which are the building blocks of proteins, contain side chains 
which may be electrically charged, hydrophilic or hydrophobic.  These characteristics of 
side chains affect the structure of the proteins. 
The structures of protein are complex and they are classified in an order ranging from 
basic to increased complexity as shown in Figure 2.10. These categories are polypeptide 
primary structure, formation of α-helix or β-pleated sheets (only α-helix is shown) as 
secondary structures, packing of secondary structures into globular units as tertiary 
structure and a combination of polypeptide chains to form a three dimensional structure 
as quaternary structure (Figure 2.10).    
 
Figure 2.10 Schematic diagram of primary, secondary, tertiary and quaternary structures. Image 
adapted from Carl Branden and John Tooze [128] 
 
 
The primary structure of a protein is a sequence of amino acid residues known as the 
building blocks of the proteins. These long sequences, known as polypeptides or 
monomers, are unique to each type of protein depending on its role in the organism. The 
recipe for this sequence is located in the cell’s deoxyribonucleic acid (DNA).  As 
mentioned earlier, a single amino acid residue contains an α-carbon (Cα), a carboxylic 
acid group, an amine group (NH2) and a R-group. If there are four different groups 
attached to the α-carbon atom, except glycine, the amino acid is known as a chiral 
molecule. The variation of the R-group side chain determines the properties of the 
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amino acid in which is attached to the Cα. There are at least 20 physiological amino 
acids, forming proteins containing ten, hundreds to thousands of amino acid residues.  
Figure 2.11 shows a schematic diagram of a typical amino acid. Their names are 
abbreviated by either a three-letter code or single-letter code (Table 2.4). Depending on 
the R-group side chain attached, these amino acids are divided into four groups; 
hydrophobic (non-polar), hydrophilic (polar), charged and special cases. Special cases 
amino acids are those modified by post-translational modifications (eg. phosphorylated 
Tyr and Ser; or acetylated Lys).     
Amino acids are connected in chains by peptide bonds between amino acids during 
protein synthesis; shorter chains are known as peptides and longer chains are known as 
polypeptides. The peptide bond occurs between the carboxylic acid group of one amino 
acid and the amino group from the second amino acid. When a peptide bond has 
occurred, a water molecule (H2O) is released per pair. One water molecule is produced 
per pair, two released per three amino acids, three produced per fours and so forth.  
 
Figure 2.11 A typical amino acid showing a carboxylic acid group, amino group and sidechain 
R-group 
 
Electrostatic refers to the charge that the amino acid expels at a stationary position [129] 
and is explained by the equation below (Equation 2.1). pKa is a measure of the strength 
of an acid in solution; pka value indicates the degree at which an acid dissociates. 
pKa = -log10Ka                                                                             (2.1) 
An example of electrostaticity, the simplest amino acid, alanine, takes the form below 
and is compared to the aspartic acid with a longer side chain (Figure 2.12) with the 
Variable 
Side Chain 
Amino 
Group 
Carboxylic 
Acid Group 
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absent of the carboxyl group, 3.65 pKa value.  Table 2.4 shows the 20 amino acids’ pKa 
value.  
 
 
 
Figure 2.12 Example of electrostatic (pKa) using alanine (simplest amino acid) and aspartic 
acid (an amino acid with longer side chain) 
 
The isoelectric point (pI) refers to the state where the amino acid is at its neutral 
position in which there is no motion or movement to another electric field.  In this state, 
the amino acid is also termed a zwitterion. The neutral position is normally referenced 
to the charge it attains when the pH condition is at 7.0. Table 2.2 shows the 20 amino 
acids’ pI value.  
Once the basic amino acid sequence is obtained, the backbone from the chain of amino 
acids will twist and turn, due to the backbone dihedral angles, R-group composition, 
hydrogen bonding interaction between the amino acids and the molecular charge of the 
amino acid at the C, Ca and N bond [131]. 
 
At the protein’s backbone, torsion angles (phi φ, psi ψ, and omega ω) determine the 
peptide conformation such that the chain can adopt a given secondary structure.. The 
torsion angles involve the backbone atoms of specific regions: phi φ describes the angle 
between C-N-Ca-C, psi ψ describes N-Ca-C-N and omega ω describes Ca-C-N-Ca 
represented in Figure 2.13  
As a result of the twisting and turning of the amino acid chain, two of the main protein 
secondary structures: α-helices and β-pleated sheets may be formed.  
 
 
Alanine 
Amino 
Group 
Amino 
Group 
Carboxylic 
Acid Group 
Carboxylic 
Acid Group 
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Table 2.2 The 20 common amino acids with their associated pKa and isoelectric (pI) 
values. Note: a blanked-out box presents no side chain.  Adapted from Hunt and 
Spinney [130] 
 
Amino acid Symbol  
(Three 
letter) 
Symbol  
(Single 
letter) 
pKa1 
(α-carboxyl 
group) 
pKa2 
(α-ammonium 
group) 
pKa3 
(side 
chain) 
pI 
Alanine Ala A 2.34 9.60 - 6.00 
Asparagine Asn N 2.02 8.80 - 5.41 
Cysteine Cys C 1.96 8.18 - 5.07 
Glutamine Gln Q 2.17 9.13 - 5.65 
Glycine Gly G 2.34 9.60 - 5.97 
Isoleucine Ile I 2.36 9.60 - 6.02 
Leucine  Leu L 2.36 9.60 - 5.98 
Methionine Met M 2.28 9.21 - 5.74 
Phenylalanine Phe F 1.83 9.13 - 5.48 
Proline Pro P 1.99 10.60 - 6.30 
Serine Ser S 2.21 9.15 - 5.68 
Threonine Thr T 2.09 9.10 - 5.60 
Tryptophan Trp W 2.83 9.39 - 5.89 
Tyrosine Tyr Y 2.20 9.11 - 5.07 
Valine Val V 2.32 9.62 - 5.96 
Arginine  Arg R 2.17 9.04 12.48 10.76 
Aspartic acid Asp D 1.88 9.60 3.65 2.77 
Glutamic acid Glu E 2.19 9.67 4.25 3.22 
Histidine  His H 1.82 9.17 6.00 7.59 
Lysine Lys K 2.18 8.95 10.53 9.74 
 
 
Figure 2.13 Location of peptide bond between polypeptides and representation of torsion 
angles: phi (φ), psi (ψ), and omega (ω)  
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Alpha helix refers to the appearance of a single polypeptide chain where the backbone 
of the polypeptide adopts the shape of a coiled spring. This occurs due to the 
electronegativity of the carboxyl oxygen and the hydrogen bonds between the carbonyl 
oxygen and hydrogen atom of amino group (N – H).  
Key details about α-helix are [127]:  
1. There are two variations to the helical shape that can be adapted, clockwise 
and anti-clockwise.  
2. The hydrogen bonds between the carboxyl oxygen and amine group are 
positioned parallel to the axis within the helix (intramolecular). 
3. Within the helical formation, per turn of the helical spiral involves 3.6 amino 
acid residues where distance between adjacent amino acids is 1.5 Å and each 
turn rises through 5.4 Å. 
4. The R-groups, as part of the amino acids involved in the alpha helix 
formation, points out of the helical backbone.   
A schematic representation of α-helix is shown in Figure 2.14.  
 
Figure 2.14 Representations of protein secondary structure: α-helix 
 
Beta pleated sheets (β-pleated sheets) are the extended version of the polypeptide chain 
where two extended protein segments fold back on itself, held together by hydrogen 
bonds between the oxygen and hydrogen peptide. The name pleated sheet refers to the 
appearance of the structure in a zigzag pattern.  
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The hydrogen bonds on beta pleated sheets are a lot weaker compared to those in the 
helices due to the formation between protein strands rather than within a strand. The β-
sheet formation can form on different locations on a single chain and folding back on 
itself, known as interchain bonds, or between atoms of different peptide chains in the 
proteins that contains more than one chain, known as intrachain bonds. For the β-
pleated sheet that is formed from a single molecule, a turn known as U-turns can be 
spotted several times in the structure that assists in the ‘folding back on itself’. Key 
details about β-pleated sheet [127] are: 
1. There are two variations to the β-pleated shape, parallel and anti-parallel  
2. The hydrogen bonds between the carbonyl and amine group lies in the plane 
of the sheet.  
3. As the helical secondary structure involves 3.6 amino acids, the amino acids 
are more extended in the β-pleated sheets where the distance is 3.5 Å between 
adjacent residues. 
4. The R-groups, as part of the amino acids involved in the beta pleated sheet 
formation, are found above and below the plane protein chain backbone.   
A schematic representation of two β-pleated sheets is shown in Figure 2.15.  
 
Figure 2.15 Representations of protein secondary structure of two β-pleated sheets 
 
The protein’s tertiary structure often refers to the three-dimensional structure of a 
protein. It is a combination of secondary structures and the result of interactions 
between the amino acids R-group and can be very complex. The tertiary structure of a 
protein is stabilized by four types of interactions on the R-group side chains, namely 
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covalent disulphide bonds, electrostatic attractions of salt bridges, hydrogen bonds and 
hydrophobic attractions which will be discussed briefly to provide the context for the 
discussion section in the results chapter.  
 
Lastly, quaternary structure refers to a cluster of tertiary structured protein chains bound 
together in multimeric proteins. Multimeric protein is a protein in which more than one 
peptide chain independent of each other is present in the structure. These chains are then 
grouped into protein subunits depending on the number of chains present. The protein 
subunits can be identical to each other or different. The subunits are held together by the 
hydrophobic interactions from the polar R-groups.The non-covalent interactions of the 
R-group (electrostatic interactions, hydrogen bonds and hydrophobic interactions) also 
contributes to giving strength and maintenance of the quaternary structure but such are 
easily disturbed by external conditions. A common example is haemoglobin due to it 
containing subunits and multiple polypeptide chains.   
 
The main types of interactions responsible for protein folding and stability are briefly 
described in the following sections. 
 
2.3.1.1. Disulphide bonds 
Cysteine amino acids that are adjacent to each other can form disulphide bridges by 
oxidation to form a dimer. It is the only amino acid that can form a disulphide bond due 
to the presence of a sulfhydryl group (  SH), methionine also contains a sulphur 
containing amino acid but it cannot form a disulphide bond with itself but require 
addition of oxygen to its sulphur atom that forms methionine sulfoxide (MetO) [132]. 
Out of the twenty amino acids and disulphide bonds by cysteines represents the 
strongest tertiary structure interaction in proteins.  The covalent bond can occur on the 
same peptide chain, known as intramolecular disulphide bond, or involving two cysteine 
residues from different chains, known asinter-chain..  
 
2.3.1.2. Electrostatic interactions  
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Electrostatic interactions, also known as salt bridges, involve the interaction between an 
amino acid with an acidic R-group side chain and an amino acid with a basic R-group 
side chain. This results in a positive-negative ion-ion attraction where at the appropriate 
pH, the negative and positive charges adopted by the acidic and basic amino acids 
attract, forming the electrostatic interaction. The side chain charges occurs due to the      
COOH group becoming a   COO   group and when a   NH2 group becomes a   NH3
+
 
group.  
 
2.3.1.3. Hydrogen bonds 
Hydrogen bonds are a type of chemical bond in which a hydrogen atom that has a 
covalent link with an electronegative atom (eg. N, O) forms an intra- or intermolecular 
electrostatic link with another electronegative atom. Hydrogen bonding can occur with 
the amino acids that contain a polar R-group side chain, namely those that contains  
 H,  NH2,  C  H and    C NH2. These types of bonding are quite weak and are easily 
disturbed by temperature and pH changes.   
 
2.3.1.4. Hydrophobic and hydrophilic interactions  
Hydrophobic interaction occurs when two nonpolar amino acids are close by. In a 
solvated solution, proteins that have polar side chains are seen pointing outward, 
exposed to the polar aqueous solution and nonpolar side chains are embedded or hidden 
within the protein.  Hydrophobic interactions are based on London forces, a weak 
intermolecular force. Although weak, they can exert greater impact compared to the 
other three tertiary structure interactions when there are many nonpolar amino acids in a 
protein. 
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2.3.2 Molecular Modelling  
Molecular modelling is a term that describes the use of theoretical methods and 
computational analyses to model or mimic the behaviour of molecules, ranging from 
small chemical systems to larger biological molecules or material assemblies. Although 
experimental approaches enable one’s ability to study the properties of materials, many 
phenomena at atomic level and in short time scales under specific various 
environmental conditions, can be very limited. The advantage of computer simulation 
over traditional experimental methods is the ability to better control atomic level details 
and study the time evolution of the system of interest.  
Prior to the current era of widespread use of computers in molecular science, molecular 
modelling of proteins was physically represented by hard wood connected by steel rods 
and clamps (1 inch = 1 Å) and plastic connected by fasteners (1 inch = 2 Å), known as 
the Corey and Pauling method [133]. The method was based on structural data obtained 
from X-ray diffraction (XRD) and used correct atom proportions based on their van der 
Waals radii. Later in 1960, chemists Robert Corey, Linus Pauling along with Walter 
Koltun improved the model, resulting in the Corey-Pauling-Koltum (CPK) model, 
making it more useful in visualisation and providing more accurate measures of protein 
structures by the use of “full size” space-filling spheres for representation of atoms.  
Today, computational systems and techniques have advanced over the years and can 
now be classified into different categories based on studied system size and time-scale 
(Figure 2.16).  The most accurate method of the available techniques is the one based on 
quantum mechanics (QM), composing of the ab-initio method, Density Functional 
Theory (DFT) and solving Schrödinger’s equation numerically. The QM method is very 
computationally expensive and limited to small sized systems and short timescale as 
this method treats all electrons explicitly, with the interactions based on number and the 
position of the atoms. The second most accurate method is the semi-empirical QM 
method, a less computationally expensive approach which involves making further 
approximations to Schrödinger’s equation. This enables larger systems to be simulated, 
treating just the valance electrons explicitly while using several parameters to fit to the 
experimental system. Both of these methods can be used for the investigation of bond 
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breaking, bond formation, electronic rearrangement and molecular mechanics (see 
Section 2.2.2) force field parameterisation. The third most accurate method is the 
molecular mechanics method which is based on the Born-Oppenheimer approximation, 
in which explicit electronic movements are eliminated from the Hamiltonian of the 
system, leaving just the nuclear variables. The molecular mechanics approach is used to 
investigate physical interactions on simpler models of interactions in a system as 
opposed to chemical interactions, obtaining information on stretching of bonds, opening 
and closing of angles (angle bending) and rotation around single bonds (torsions). The 
molecular mechanics method is used to obtain information on a wide range of 
processes, involving interaction of molecules with surfaces, phase transitions and 
protein dynamics. Monte Carlo (MC) and molecular dynamics (MD) (See Section 2.2.3) 
are the two methods mainly employed to study the conformations of larger molecular 
systems as these system size and time scales are more accessible to these approximate 
methods. 
For the much larger systems, there is mesoscale modelling which covers a larger system 
and long-time scale.  Restrictions are applied to the degree of freedom which treats the 
group of atoms as a contiguous unit. The current largest systems can only be studied 
using the continuum method, which enables direct comparison to experiments at long 
time scale and size.  
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Figure 2.16 Diagram of the different types of simulation categories, their time scales and length 
scales 
 
2.3.4 Molecular Mechanics: Empirical 
Force Field Models 
Empirical force field models are the applications used to study the structural activities in 
biological systems at an atomic level. This enables the accuracy of the models to be 
compared with the results obtained from laboratory experiments.  
2.3.4.1 Potential Energy Function 
In molecular mechanics the forces that govern the atomic system, produced from the 
atom-atom interactions, are approximately modelled using an empirical potential energy 
function. The combination of the empirical potential energy function and the geometric 
and energetic parameters used, defines the force field (FF) employed for a given 
simulated system.  
Some of the most commonly used force fields in biomolecular simulation in solvated 
environments are all-atom CHARMM [134] and AMBER [135] force fields developed 
with the TIP3P [136] water model, the all-atom OPLS-AA force field [137] in which all 
atoms in the systems are represented explicitly and united-atom GROMOS force field 
[138] which are typically combined with  simple point charge (SPC) [139] water 
models; the GROMOS force field treats aliphatic carbons, plus hydrogen atoms 
covalently bonded to them, as single interaction sites, hence the term “united atom force 
field”.     
These force fields contain fundamental energy terms that incorporate the interaction 
between atoms in a system, describing contributions to the atom-atom interaction 
energy from bonded (Ebonded) and non-bonded (Enonbonded) terms. The forces modelled in 
MD simulations arise from internal and external sources. The internal sources refer to 
interaction between the atoms due to the bonded and non-bonded energy terms, while 
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external sources refer to forces acting on atoms due to temperature or pressure coupling 
(described in Section 2.3.5.4 and 2.3.5.5).  
The energy term describing the bonded interactions describes the stretching of bonds, 
bending of angles and rotation of dihedrals, presented in Equation 2.2. The energy term 
describing the non-bonded interactions (or intermolecular interactions) accounts for the 
electrostatic and van der Waals interactions (Equation 2.3) and the external sources are 
the environmental condition/s enforced on the system.  
The total potential energy function is as below in Equation 2.1: 
Etotal = Ebonded + Enonbonded + Eother                           (2.1) 
which incorporates the following: 
 
(2.2) 
and 
             (2.3) 
In the total energy of bonded components (Ebonded) (Equation 2.2), the first term refers to 
the stretching of all of the covalent bonds in the system, based on the Hooke‘s law 
formula, in which Kb and b0 represents the parameters describing the stiffness and 
equilibrium bond length respectively, and b represents the distance between two atoms. 
The second part of the total energy of bonded components refers to the 
deviation/bending of an angle (θ), summed over all triplets of bonded atoms. This is 
also based on Hooke‘s law formula, where Kθ and θ0 represents the parameters 
describing the stiffness and reference angle position respectively, and θ represents the 
angle formed between three consecutively covalently-bonded atoms. And the third part 
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of the total energy of bonded components accounts for the rotation of the dihedral 
central bond of any four consecutively bonded particles, described by a cosine function. 
The parameters Kχ, n and σ represent the boundary for the rotations of the dihedrals, the 
periodicity and the phase respectively.   
In the total energy of nonbonded components (Enonbonded) the Equation 2.3 describes the 
nonbonded (intermolecular) interactions. The first part of the non-bonded term 
describes the van der Waals interactions, based on the Lennard-Jones equation. The 
indices ij represent the boundary between atoms i and j, where rij is the distance between 
the two interacting atoms. The second part of the total energy of nonbounded 
components equation is the electrostatic interactions based on Coulomb’s law where qi 
and qj is divided by the distance between the two charged atoms and the dielectric of the 
medium results in the electrostatic contribution to the nonbonded energy.   
To facilitate a more intuitive understanding of the above, the individual bonded and 
non-bonded components of a typical molecular mechanics potential energy function are 
illustrated graphically and further described as follows: 
 
Bond stretch 
The bond stretch is the distance between two atoms in the system measured by solving 
the equation below. V
B
 represents the harmonic potential, the distance between b and b0 
between the two atoms and follows Equation 2.4. 
                                               (2.4) 
Bond angle 
The bond angle is the angle between two atoms in the system measured by solving the 
equation below.  The harmonic potential terms, V
W
 is the angle measured between θ and 
θ0 and follows Equation 2.5. 
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                                                (2.5) 
Out-of-plane angles  
In special occasions, angles between bonds would be of interest as they are meant to 
keep planar groups (e.g. aromatic rings) planar, or to prevent molecules from flipping 
over to their mirror images.. The harmonic potential terms, V
E
 is the angle measured 
between ζ and ζ0 calculates such area and follows Equation 2.6. 
                                                  (2.6) 
Torsions (Dihedral twists)  
The torsion or dihedral twist refers to a rotate angle between two atoms and the angle is 
calculated using Equation 2.7. This was initially discussed on in Section 2.3.1 page 49.  
                                                          (2.7) 
Electrostatics (Non-bonded forces) 
Electrostatic, or non-bonded forces are described by Coulomb interactions where V
C
, qi 
and qj is divided by the distance between two atoms and the dielectric of the medium 0 
results in the electrostatic contribution to the nonbonded energy. This will be further 
discussed in Section 2.2.3.1. 
                                              (2.8) 
 
Lennard-Jones equation. Pauli repulsion, van der Waals (non-bonded forces) 
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Other nonbonded forces, is described as Lennard-Jones potentials, V
LJ
 = V
P
 + V
vdW
, this 
equation also includes the Pauli repulsion, represented by V
P
 ∼ r12, and the van der 
Waals interaction, V
vdW
 ∼ −r6 and is also further discussed in Section 2.2.3.1. 
                                                     (2.9) 
 
2.3.4.2 Force Field Parameterisation 
In order to simulate atomic systems there must be parameters set in place for the 
system; this describes the geometric and energetic properties of the interacting particles. 
This stage involves the adjustment of the parameters in order to reproduce 
experimentally comparable data and may require inputs such as experimental 
spectroscopic, thermodynamics, crystallographic data, X-ray diffraction structures, 
electron microscopy structures, etc. As mentioned in Section 2.2.3.1 four commonly-
used force fields include: CHARMM [134], AMBER [135]  OPLS-AA force field [137] 
and united-atom GROMOS force field [138]. The force fields are developed based on 
different approaches to fitting to experimental and quantum mechanical calculation 
data. The choice of parameters is very important as it affects the treatment of the 
proteins.  
One important set of parameters is the partial charges of atoms, which determine non-
bonded electrostatic interactions. The charges in the OPLS and CHARMM2 force field 
are based on Hartree-Fock/6-31G supramolecular data whereas the AMBER was 
originally released based on restrained electrostatic potential (RESP). In this project, the 
united-atom GROMOS 54A7 force field was used where it is based on reducing free 
enthalpies of hydration and apolar solvation.  
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2.3.4.3 Treatment of Solvation 
When simulating molecules that involve the use of water molecules, different force 
fields perform differently with the type of water model. It is important to accurately 
treat the surrounding aqueous environment. The variation in performance may be due to 
the original development of the protein force field, which used different water models. 
Thus, in simulations using particular force fields, care must be taken to ensure that the 
water model originally used for the force field’s development is chosen. For example, 
the TIP3P water model was used to develop AMBER, CHARMM and OPLS force 
fields. TIP4P was used with OPLS, while the SPC and F3C water model fits well with 
the GROMOS force field. 
 
2.3.5 Molecular Dynamics: Theory and 
Applications to Protein Simulations 
Molecular dynamics simulations is a computational method of approach for studying 
the motions of atoms (including water, salt, proteins, lipids, sugars, and other 
biomolecules) at physiological temperature and pressure by computationally solving 
Newton’s equations of motion, lending atomic-level insight into the structure, 
movements, and possible mechanism of action of proteins.  
 
2.3.5.1 Equations of Motion  
The core of molecular mechanics method is understanding the parting of nuclear 
coordinates from the electron coordinates which are averaged out using the Born-
Oppenheimer approximation [140]. The parting happens due to differences in mass 
between the nuclei and the electrons. The use of Born-Oppenheimer approximation 
enables the Hamiltonian function concept in the system to be expressed according to 
Equation 2.10.    
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In order to describe the complete microscopic state of a system, the position and 
velocity of the atom is taken into account. Equation 2.10 describes the formula, where H 
is the Hamiltonian, K(p) refers to the kinetic energy and V(p) is the potential energy.  
                                                                                      (2.10) 
The kinetic energy terms contain the momenta of each individual atom, whereas the 
potential energy term contains information of the interatomic interaction.  
In MD studies, the equation of motion is based on Newtonian formula (Equation 2.11), 
where Fi refers to the total force expelled by each atom i which acts in the direction r, 
mi is the mass of atom i, and ri is the position of atom i.    
                                                                                                  (2.11) 
 
 2.3.5.2 Periodic Boundary Conditions 
Periodic boundary conditions (PBC) are used in molecular dynamics simulations to 
avoid problems with boundary effects caused by finite size, and make the system more 
like an infinite one, at the cost of possible periodicity artefacts. In simulations of small 
molecules, the molecules are placed in a defined single unit cell in which the particles 
can experience the full forces applied to the simulation system. If a particle leaves the 
cell during the simulation, it will reappear on the opposite side of the unit cell thus 
keeping the number of particles in the cell constant. This also eliminates the presence of 
surfaces and edges, causing the system to approximate a macroscopic bulk solution 
environment. The single space unit cell is filled with space and can be stacked into a 
two or three dimensional “crystal”. Depending on the system to be simulated, there are 
different boxes available to suit the system. There is the cubic unit-cell, rhombic 
dodecahedron, truncated octahedron and the triclinic unit-cell [141]. A two-dimensional 
representation of PBC is presented in Figure 2.17. The two-dimensional illusion will 
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have eight neighbours of the single cell unit while the three dimensional illusion will 
have 26 representations of the system in its immediate adjacent cells.   
            
Figure 2.17 A two-dimensional and three-dimensional illustration of a PBC 
 
2.3.5.3 Thermodynamic Ensembles  
In MD simulations with incorporated PBCs, the basic principle of the simulation are 
performed in constant number of particles (N), energy (E) and volume conditions (V), 
this is known as the micro canonical ensemble (NVE). However, instead of constant 
energy simulations, it is typically of greater interest to biomolecular scientists to 
simulate conditions of constant temperature and pressure, which are closer to the “real” 
physiological systems to be studied. Additionally, experimental practices are performed 
in constant temperature and pressure thus simulations in the isothermal-isobaric (NPT) 
ensemble is ideal for comparison with experimental data. Thus, there are two additional 
such types of ensembles, the canonical ensemble (NVT) and isothermal-isobaric 
ensemble (NPT), in which they represent constant temperature and pressure in the 
isolated simulation systems. It is important to note that the ensembles represent an 
isolated system in which temperature and applied pressure can be calculated and set to 
prescribed values, via algorithms for temperature and pressure coupling, to be  
described in Section 2.3.54 and 2.3.5.5.  
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2.3.5.4 Temperature Coupling 
For a number of reasons, it is ideal to control the temperature of a system, due to solute 
drift during the equilibration, because of force truncation and integration. There are 
several common methods available for temperature coupling to systems, the weak 
coupling scheme Berendsen [142], and extended-ensemble Nosé-Hoover [143, 144] and 
the velocity rescale [145] temperature coupling algorithm. 
The Berendsen temperature coupling algorithm mimics first order kinetics. The 
simulation system is coupled to an external heat bath, in which the temperature is set at 
T0. Equation 2.12 describes the Berendsen coupling scheme in which the temperature 
deviation decays exponentially with a time constant r.  The advantage of using such a 
coupling algorithm enables the coupling to be varied and adapted depending on the 
simulation requirements. Although the Berendsen method is simple and stable it may 
not represent a true and well defined ensemble [145].    
                                                                                                     (2.12) 
 
The second method, Nosé-Hoover, was originally proposed by Nosé and later modified 
by Hoover. In the equation, presented in Equation 2.13, the reference temperature is 
represented by T0, while T refers to the current instantaneous temperature of the system, 
and Q determines the strength of the coupling. The equation of motion is given by 
Equation 2.14. The output of the Nosé-Hoover approach produces an oscillatory 
relaxation while when applying the weak coupling scheme, a strongly damped 
exponential relaxation is obtained.  
                                                                                                   (2.13) 
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                                                                                             (2.14) 
And the third method, the velocity-rescaled method, was developed by Bussi, Donadio 
and Parrinello [145] with an additional term to the Berendsen thermostat, for the 
purpose of correcting the kinetic energy distribution. The velocities are scaled on the 
following equation:     
                                                   (2.15) 
K is a value proportional to the temperature T in Equation 2.15, Nf is the number of 
degrees of freedom and dW is a stochastic term. Although with the extension, it is still a 
weak coupling.  
 
2.3.5.5 Pressure Coupling 
For similar reasons behind the need for temperature coupling, a system can also be 
pressure coupled to create a correct representation of a molecular system under more 
realistic pressures. There are two commonly used methods, Berendsen [142] and 
Parrinello-Rahman [146] with a main key advantage being that any pressure coupling 
scheme can also be combined with the temperature coupling schemes previously 
discussed. The Berendsen pressure algorithm readjusts the coordinates and box vectors 
in an inversely proportional manner to a user defined time constant τp, producing the 
effect of first-order kinetic relaxation of pressure to a reference pressure P0 in Equation 
2.16.     
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                                                                                                  (2.16) 
In the Parrinello-Rahman algorithm the equations of motion are extended to include a 
box vector term, quite similar to the addition of a viscosity term in the Nose-Hoover 
algorithm used for temperature coupling [143, 146]. 
By a combination of these two algorithms, pressure and temperature coupling, in theory, 
a true NPT ensemble can be obtained.   
 
2.3.6 EMBOSS Needle Pairwise Sequence 
Alignment  
Part of this project involves the use of protein-protein sequence alignment to identify 
regions on the lactoferrin protein which has sequence similarity to LysM. This enables 
the identification of regions on lactoferrin that could, likewise, bind strongly to bacterial 
membrane surfaces. In the following, brief descriptions are provided for some tools 
available via the EMBOSS server, which was employed for sequence alignment in this 
work. Pairwise Sequence Alignment from EMBOSS presents a total of eight types of 
sequence alignment programs under three grouped categories: global alignment, local 
alignment and genomic alignment [147, 148, 149] as shown in Table 2.3.  
Table 2.3 Types of sequence alignment programs under three grouped categories: 
global alignment, local alignment and genomic alignment. 
 
Pairwise Sequence Alignment 
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Global Alignment Local Alignment Genomic Alignment 
Needle (EMBOSS) 
Stretcher (EMBOSS) 
Water (EMBOSS) 
Matcher (EMBOSS) 
LALIGN 
Wise2DBA 
GeneWise 
PromoterWise 
 
The main differences between the three categories are the different functions and 
specific alignment details they produce, briefly described as follows:     
Global Alignment 
Global alignment takes into account the whole sequence aligned in the attempt to align 
all residues to locate similarities in the entry of equal size. In this category, there are two 
techniques, one for protein comparison using the Needleman-Wunsch algorithm 
(Needle EMBOSS) and the other uses a modified version of the Needleman-Wunsch 
algorithm to align larger sequences (Stretcher EMBOSS).  
Local Alignment  
The local alignments locate the regions of suspected similarities between non- similar 
sequences. In this category there are three techniques; one calculates using the Smith-
Waterman algorithm (Water EMBOSS), another using a rigorous algorithm based on 
LALIGN application locating on similarities (Matcher EMBOSS) and LALIGN 
application locating duplications on non-intersecting (LALIGN).  
Genomic Alignment 
Genomic alignment is a tool more specifically for DNA alignments, more focused on 
the genetics of the sequences. In this category there are three techniques; WISE2DBA, 
GeneWise and PromoterWise. WISE2DBA is ideal for location of colinear blocks of 
conservation. Genewise compares protein sequences to a genomic DNA sequence, that 
allows for introns and frame shifting errors and lastly PromoterWise compares two 
DNA sequences, that allows for inversions and translocations, normally ideal for 
promoters.  
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Highlighted in yellow is the alignment method selected for this project, which will form 
one of the methodology in this project. 
FASTA File 
In bioinformatics, FASTA is one of the commonly used text file format that contains the 
amino acid details of the protein structure. These files can be obtained from the 
download section of a structure of interest from Protein Databank. Inside a typical 
FASTA file, there is a length of alphabetical letters of the nucleotides or peptides 
sequence, where the nucleotides or amino acids are represented in single letter codes. 
The file at the start also contains symbols, ‘>’ followed by ‘gi|’, an accession number 
then the description of the sequence’s originality, all in a continuous long line [150]. 
After the generic description, the sequence is presented. An example of a short FASTA 
file is presented in Figure 2.18: 
 
 
Figure 2.18 Example of a FASTA file. Source: Sequence related to Albumin protein of chicken 
species retrieved from NCBI 
 
2.3.7 Applications of Molecular Dynamics 
Simulations to Milk and Other 
Proteins 
 
Molecular dynamics simulation is increasingly becoming a mature methodological 
approach to studies of protein structure and dynamics, and numerous studies have 
involved its use, as a complement to experimental studies, as well as a tool for 
generating molecular-level insights of complex structures in its own right [151]. A 
comprehensive review of molecular simulation studies that have been applied to protein 
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science would be beyond the scope of this chapter. Nonetheless, it is important to 
outline a few “case studies” presented in the following subsections to illustrate some of 
the insights that can be gained by MD simulations. Thus, herein I describe several 
applications of MD simulations to study extreme conditions (especially thermal 
conditions). Subsequently, several MD simulations of milk proteins are also briefly 
described. 
 
2.3.7.1 Temperature Effects and other 
Applications on Proteins 
One key application of MD simulations is in designing proteins and peptides with 
temperature tolerance. A recent study involving high temperature was performed on two 
catalytically active peptides (peptide 1: Fmoc-Phe1-Phe2-His-CONH2; peptide 2: 
Fmoc-Phe1-Phe2-Arg-CONH2) at various temperatures of 300 K, 400 K and 500 K, and 
these simulations were done to determine their dynamical motions, the aim being to 
designing stable and low-cost peptides with potential industrial applications in the field 
of peptide science. Their result of using MDS showed changes in the secondary 
structure of these two peptides due to the arrangement of water molecules, which 
interact in a temperature-dependent manner with the nitrogen from arginine [152]. MD 
simulations at elevated temperatures can also reveal surprising, counter-intuitive protein 
behaviour at different thermal conditions. For example, Grottesi et al. [153]  carried out 
MD simulations of two isoforms of rubredoxin from a hyperthermophilic and 
mesophilic organism at two temperatures, 300 K and 373 K, for each molecule. It was 
found that the conformational space sampled by both molecules was larger at 300 K 
than at 373 K, an unexpected but vital result for understanding protein behaviour at 
extreme thermal conditions. This result also resonates with those of the present thesis 
(described in Chapter 4), in which the size of the protein “contracts” at elevated 
temperature. 
Besides temperature, the influences of other, external conditions due to the solvent can 
also be explored with MD simulations; for example, interactions with lipids, which will 
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be important, in a future study, to understand lactoferrin interactions with bacterial 
membranes. A study by Bond et al. [154] explored the potential of detergent and lipids 
as membrane proteins with coarse-gained models using molecular dynamics methods 
(CG-MD). Their findings indicated the formation of α-helical hair pins from the 
detergent, showing that CG-MD has great utility in membrane/protein studies. They 
also described the identification of fragments of peptides in their simulation that can be 
seen to have their own intrinsic properties and having their own formation of native 
structure from comparing studies from NMR and α helices and β hairpins using MDS 
[155].  
 
2.3.7.2 MD Simulations on Milk Proteins 
Owing to their importance as components of regular dairy products, it is not surprising 
that many MD simulation studies have been performed on milk proteins to understand 
their behaviour under different conditions. Previous studies on milk protein with 
simulations mostly involved the major component in milk protein, β-lactoglobulin to 
study conformational structure of the protein; for example, exploring the binding 
properties of naringenin with β-lactoglobulin using molecular docking and MDS [156]. 
The temperature behaviour of β-lactoglobulin, in relation to its heat denaturation 
characteristic on kinetic modelling, was also done [157]. The potential to further lead on 
to studies of protein adsorption to surfaces was demonstrated by Zare, McGrath and 
Allison [158] who studied β-lactoglobulin’s approach and process of absorption to a 
surface of decane (as a model of the surface of a hydrophobic droplet in milk 
emulsions), showing structural changes to the whey protein upon adsorption in great 
visual detail and attendant statistical analysis of its structure and dynamics. Euston et al. 
[159] also described similar results of WPI on decane surfaces. Another research by 
Hagiwara, Sakiyama and Watanabe [160] successful examined the absorption of β-
lactoglobulin to a positively charged solid surface of AU (100) at acidic pH using MD 
simulations, employing the GROMACS software package.  
Of more direct interest in the present thesis, previous studies on lactoferrin have also 
been performed using MD simulations, especially in the prediction of its behaviour 
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under various conditions of high temperature and extreme pH. Thermal behaviour of 
bovine lactoferrin in a water environment and its relation to bacterial interaction and 
antibacterial activity [120] as well as emulsion stabilization by lactoferrin nano-particles 
by simulated intestinal pH conditions was also carried out with simulation and 
molecular dynamics [161].  
Bovine lactoferricin, a bacteriocin from lactoferrin with known bacteriocidal properties 
was studied by Romo et al. [162], to understand its antimicrobial characteristic with 
attached short lipids and its interaction with lipid bilayers, synergic with NMR and MD 
simulations. Their results provided information at atomic scale that the lactoferricin 
favoured one membrane over the other due to zwitterion interactions. Further studying 
of this lactoferricin was also performed by another group of researchers. Lactoferricin’s 
conformation in the presence of membrane-micking conditions was using molecular 
dynamics simulation and circular dichroism [163]. They concluded that tryptophans (a 
type of amino acid) might act as stabilizers for membrane adhesions.  
While much simulation work has been done on milk proteins, there is a relative paucity 
of similar MD simulation studies on the minor whey protein lactoferrin and the 
influences of thermal processing and extreme pH conditions on its molecular-level 
structure and dynamics, and none at all on the effects of extreme conditions on its 
potential bacterial surface binding capacity. It is the primary objective of this thesis to 
bridge this gap by employing detailed MD simulations to examine the structural and 
dynamical response of bovine lactoferrin to high temperature, acidic and basic pH 
conditions, with particular focus on a region on the protein proposed to play a role in its 
interactions with bacterial membrane surfaces. 
 
2.3.8 Summary of Challenges and 
Limitations  
In reviewing the computational approach and simulation boundary and conditions to 
study protein conformation and systems, it is clear there are some challenges and 
limitations to the use of molecular simulation. These are: 
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 Simulations are limited by time and often are too short to give comparative 
measures at a macroscale.   
 Simulations can be as small as nanoscale, which can be an advantage and a 
disadvantage.  
 For the analysis of pH effects on the system, it is necessary to determine 
accurately the protonation and deprotonation of ionisable, titratable side chains 
which are required under different pH conditions. However, it is not a trivial 
problem, as, ideally, the protonation states of titratable sidechains should be 
assigned dynamically in the course of the simulation. More advanced “constant 
pH MD” simulations can be used in future studies to assist in this issue, although 
such advanced methods are still under active development.  
 Simulations can be controlled based on selected variables under set parameters 
but this can pose limitations as other uncontrollable variables occur in 
experimental carried out in reality that needs to be taken into consideration of 
‘true reaction’.    
 Current molecular dynamics studies may produce untrue representations of 
proteins when in reality they are surrounded by crowded protein environments 
and other particles.    
 Force fields are well defined for proteins but do require improvements to some 
parameters, such as those dictating the energetics of torsional rotations used for 
amino acids, carbohydrates and single stranded nucleic acids.  
 In reality, when proteins have been exposed to extreme stresses for a long 
duration, in some cases they can ‘refold’ back into its three-dimensional 
structure and obtain back their functional properties once the stresses have been 
removed. Refolding of proteins to a biologically functional form after 
application of extreme stresses requires long timescale simulations, which are 
not always accessible. 
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Chapter 3  
Materials and Methods  
 
The purpose of this chapter is to describe the computational methods and some of the 
parameters used during this study. This encompasses procedures applied in the 
preparation of the apo-Lf and simulation methods of the protein and data analysis. 
 
3.1 Materials  
The bovine apo lactoferrin file used in this study was obtained from the Protein Data 
Bank with ID 1BLF (https://www.rcsb.org/). The original X-ray crystal structure file 
contained two irons in its structure file [164], and this was modified by manually 
removing the two Fe(III) ions as well as all other non-protein components such as the 
bicarbonate ion in order to reflect the biological conformation of an iron depleted apo-
Lf and built as a new structure, which is the focus of this study. Further details on the 
conditions, force field applied and input parameters used in Gromacs is discussed in 
Chapter 4 and Chapter 5. 
 
3.2 Simulation Procedures  
The methodology used in this project to simulate the protein is briefly discussed in this 
section. Again, specific details are also provided in Chapters 4 and 5. 
Generally, for each of the simulations, the system was built and simulated using 
GROMACS 4.6.5 [165] with the force field GROMOS 54A7 and solvated with SPC 
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water. All bonds in the protein were constrained using the LINCS algorithm[166], while 
bonds in water were constrained using the Settle algorithm[167]. The starting structural 
coordinates of lactoferrin (pre-modified) were obtained from the Protein Data Bank 
(PDB), ( http://www.rcsb.org/pdb/).  
Structures in the PDB database are usually obtained from XRD and Nuclear Magnetic 
Resonance (NMR) techniques. In this case, the lactoferrin structure, with PDB 
accession code 1BLF [164] and LysM, PDB accession code 2DJP [168], were obtained. 
After the topology file for the iron-free apo lactoferrin was made, a rectangular 
simulation PBC box was constructed with chosen dimensions 16 x 16 x 8 nm
3
. The box 
was solvated with SPC water molecules, and sufficient sodium (Na
+
) and chloride (Cl
-
) 
ions were added to neutralise the protein charge, to provide for an approximate ionic 
concentration of 150 mM and maintain the correct osmolality and electrostatic 
neutrality. Energy minimisation was then performed to correct for bad van der Waals or 
steric clashes within the protein, as well as between the protein and water, each over a 
maximum of 1000 steps using the steepest descent minimization algorithm. The solvent 
equilibrium stage involved constant number of particles, volume and temperature 
(NVT) simulation at T = 300 K for 100 ps with non-hydrogen protein atoms 
positionally restrained. This is followed by a constant number of particles, pressure and 
temperature (NPT) simulation at P = 1 bar for 100 ps. Subsequently, production runs 
were performed for up to 30 ns, depending on the system.  
The temperature was maintained using the Berendsen thermostat [142] and barostat was 
used to maintain the target temperatures and pressure at 1 bar, consistent with the use of 
this thermostat and barostat in the parameterisation of the GROMOS 54A7force field 
[138]. Electrostatic interactions between non-covalent atoms were computed using the 
Particle-Mesh Ewald (PME) summation [169, 170]. Non-bonded electrostatic and van 
der Waals interactions between non-covalent atoms were computed using non-bonded 
interactions and were calculated using a triple-range cut-off scheme. The interactions 
within a cut-off distance of 0.9 nm were calculated at every step from a pair list which 
was updated every fifth-time step. Interactions between atoms within 1.4 nm were also 
calculated and were kept constant between updates. To account for the influence of the 
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dielectric medium outside the cut-off sphere of 1.4 nm, a reaction-field force based on a 
relative dielectric permittivity ϵ of 78 was used. 
 
3.2.1 High Temperature Simulations 
For the study examining the effects of temperature on lactoferrin structure, after 
equilibration, each system was subjected to 20 ns MD simulations under four different 
temperature regimes: i) constant 300 K (27 °C); and three high temperature simulations 
in which the temperature was gradually raised from an initial value of 300 K (27 °C) to 
ii) 345 K (72 °C), iii) 363 K (90 °C) and iv) 400 K (127 °C) each over a period of 5 ns. 
Once the target temperature was reached, the system was maintained at that temperature 
for the remainder of the simulation (15 ns). Each system was simulated for 20 ns, with 
coordinates saved every 5 ps. Each temperature was also simulated in triplicate with a 
different initial random seed, this procedure yielded up to over 1000 frames for each 
analysis.  
 
3.2.2 Extreme pH Simulations  
For the study examining the effects of pH on lactoferrin structure, after equilibration, 
each system was subjected to 30 ns MD simulations under 3 different pH values: i) 
“low” pH (nominally pH 1.0); ii) “neutral” pH (nominally 7.0); and iii) “high” pH 
(nominally 14.0). For simulations at pH 7.0, the Asp, Glu, Lys and Arg residues, as well 
as N- and C-termini, are assumed to be charged. The titratable residues and termini 
differ on amino acids for the simulation in pH 1.0 and 14.0 a protonation adjustment 
will be carried out, and are further described and discussed in Chapter 5. All simulations 
examining pH effects are performed at a temperature of 310 K (37°C).  All simulations 
were performed in triplicate using different random seed values. 
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3.3 Simulation Analysis Methods  
A range of analysis methods are available to quantify the changes on the model 
lactoferrin protein under temperature and pH stress. MD trajectory files were analysed 
using the analytical tools from the GROMACS 4.6.5 package. Secondary structure 
evolution plot was calculated using Visual Molecular Dynamics (VMD) [171] and this 
platform also provided the majority of visual and structural representation of the 
lactoferrin protein.  
 
3.3.1 Root Mean Square Deviation 
(RMSD)   
The root mean square deviation (RMSD) of a given protein gives a quantitative stability 
measure of a given simulation throughout time. The equation takes into account a 
protein reference structure and the structure of the protein at a set simulation timeframe, 
in which the two are compared. The formula for RMSD is as follows (Equation 3.1): 
 
                                 
                           (3.1) 
The symbol Natoms represents the number of atoms in the structureand represents the 
total number of residues being compared to ,  ri(t) represents are the coordinates of the 
residue at position i and time t . The RMSD curve can be calculated using the g_rms 
command from GROMACS 4.6.5 package.     
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3.3.2 Root Mean Square Fluctuation 
(RMSF)   
The root mean square fluctuation (RMSF) or the standard deviation, of the structure of a 
given protein gives a quantitative fluctuation measure of the residues for a given 
simulation. The equation takes into account a protein reference structure and the 
structures of the protein exhibited during the course of a simulation trajectory. The 
results of the equation can represent specifically which protein residue/s that were 
influenced the most by variations in external conditions (such as temperature or pH) 
from the simulation. The formula for RMSF is as follows (Equation 3.2): 
                                                 (3.2) 
The symbol N represents the number of atoms in the structure,  are averaged 
structural features of the protein i , where ji are the initial coordinates of the residue i. 
The RMSF can be calculated using the g_rmsf command from GROMACS 4.6.5 
package.     
 
3.3.3 Solvent Accessible Surface Area 
(SASA) 
The solvent accessible surface area (SASA) [172] measures the surface area of a given 
structure that is available for direct contact of solvents or similar sized molecules (Fig. 
3.1). The area is measured by a probe atom that traces the protein’s van der Waals 
surface. The radius of the probe can be adjusted based on the selection of the solvent 
that surrounds the structure. In most cases, the probe is the radius size of a water 
molecule, 1.4 Angstroms.  Hydrophobic residues of a protein will minimise their 
exposure to water, but due to the effect of stress applied from simulations these residues 
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and their state of solvent exposure can change.  The SASA can be calculated using the 
g_sas command from GROMACS 4.6.5 package.   
 
 
 
Figure 3.1 Diagram representing solvent accessible surface area calculations.  
 
3.3.4 Radius of Gyration (Rg) 
The radius of gyration (Rg) measures the spatial spread of the protein’s mass, providing 
information on its overall compactness, conformation and unfolding as the Rg changes 
over the time. The formula for Rg is as follows (Equation 3.3): 
                                                        (3.3) 
Where N is the number of atoms, r(i) are the coordinates of atom i, and rcom are the 
coordinates of the protein’s centre of mass. The radius of gyration can be calculated 
using the gyrate command from GROMACS 4.6.5 package.  
 
3.3.5 Secondary Structure Analysis  
Monitoring the changes in the protein structure can be measured by VMD’s Secondary 
Structure Timeline program. Based on criteria that reference each secondary structure to 
residues, the trajectory files produced by MD simulations, “xtc” files, were scanned for 
structural changes throughout the study duration. VMD uses the STRIDE [173] 
Probe atom 
van deer Waals surface  
Atom on surface 
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algorithm to determine and plot secondary structures. The secondary structure can be 
calculated over a simulation trajectory timeline, and each residue is colour coded 
according to secondary structure assigned. A typical colour scheme for the most 
common secondary structures is as follows: purple = alphe helix, yellow = beta strand, 
cyan = turn, white = random coil.  
The change in colour and shape of the trend corresponds to a modification of the 
secondary structure of the associated residue due to exposure to different external 
conditions, such as temperature and pH. It is also a good method, for example, to track 
helix breaking by following the colour trends. Figure 3.2 represents a typical output 
observed from a secondary structure timeline analysis.     
 
Figure 3.2 Diagram representing secondary structure analysis.   
 
3.3.6 Identification of Hydrogen Bonds 
Hydrogen bonding closely relates to the stability of the secondary structure of proteins 
and represents the strongest dipole-dipole intermolecular interactions between a 
hydrogen atom covalently bonded to a small, very electronegative element (F, O or N) 
and a lone pair of electrons on another small, very electronegative element (F, O or N). 
The original constitution of the main secondary structures, alpha-helices and beta-
sheets, in a protein contributes to its biological function, protein folding and its kinetics. 
It is important to record the changes associated with hydrogen bonding from the 
application of stress or competition between the solvent to monitor protein denaturation 
characteristics.  
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There are two requirements in order for an atom-atom interaction to be classified as 
hydrogen bonding. The angle between the donor to the main hydrogen and main 
hydrogen to the acceptor atoms (θ) must be within a degree of 90° to 180° and the 
distance between the donor and acceptor atoms separation (r) but be under 3.5Å. Figure 
3.3 presents a representation of the hydrogen bonding criteria.  
The hydrogen bonding details can be calculated using the g_hbond command from 
GROMACS 4.6.5 package and is monitored in the evolution of time.  
 
 
 
 
Figure 3.3 Diagram representing hydrogen bonding criteria.  
 
3.3.7 Intramolecular Protein Core Energy  
Internal core energy of a protein can be measured to obtain an estimation of internal 
energy at kJ/mol at the end of the simulation study by extracting relevant information 
from the. edr file. The energy can be calculated using the g_energy command from 
GROMACS 4.6.5 
 
3.4 Network Analyses 
Network analyses can be used to obtain protein information represented by, i) 
conformational clusters and transitions (conformational networks) during trajectories, ii) 
loss of inter-residue interactions, and iii) gain of inter-residue motional correlations at 
different variables, i.e temperature and pH. 
θ 
90°-180° 
H 
D 
A 
r 
< 3.5Å 
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3.4.1 Conformational Networks 
For conformational networks, each node corresponds to a frame in the simulated 
trajectory, and a connection between two nodes indicates that the two structures are 
similar (i.e. within a prescribed RMSD cut-off value). Conformational networks are 
calculated using the RMSD tool in GROMACS to firstly obtain a 2D matrix where each 
element (i, j) in the matrix corresponds to the RMSD between the backbone structure at 
time i and time j during the simulation.  
The RMSD matrices were converted to “adjacency matrices” via a Python script, where 
structures (nodes) with RMSD < 0.2 nm were treated as similar (connected). The 
adjacency matrices were visualised as networks and analysed using the network analysis 
software Gephi version 9.0.1 [174]. Nodes in all of the networks calculated were 
clustered into highly inter-connected “communities” (or modules) according to the 
modularity and weighted degree of the nodes calculated using the algorithms 
implemented in Gephi. For conformational networks, a “community” can be interpreted 
as a conformational cluster, in which members within the cluster share structural 
similarities. 
 
3.4.2 Inter-residue Contact Loss Networks 
For inter-residue contact loss networks each node corresponds to a single residue, and a 
connection between two nodes indicates that the two residues lose contact relative to the 
baseline simulation. These networks reveal the regions of the protein most sensitive to 
the applied conditions. Firstly, for each simulation, trajectory-averaged inter-residue 
distance matrices were calculated using the MDMAT code implemented in 
GROMACS. The distance matrices were converted to adjacency matrices where 
residues (nodes) whose C-α atoms lie below 0.7 nm of each other are treated as 
connected. Contact distance loss matrices were then calculated by subtracting the 
baseline inter-residue adjacency matrix from that obtained for each of the variant 
conditions adjacency matrices. The adjacency matrices were then analysed using Gephi 
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[174]. For contact difference networks, a “community” can be interpreted as a cluster of 
residues which lose contact with each other. 
 
3.4.3 Inter-residue Correlation Gain 
Networks 
For inter-residue motional correlation gain networks each node corresponds to a single 
residue, same case as above, a connection between two nodes indicates that the two 
residues have an increase in dynamical correlation relative to the baseline simulation. 
These networks reveal the regions of the protein that move in a more concerted manner 
(i.e. “move together”). Firstly, for each simulation, trajectory-averaged dynamic 
covariance matrices were calculated using the COVAR code implemented in 
GROMACS. The covariance matrices were converted to correlation matrices. Then 
correlation gain matrices were calculated by subtracting the baseline correlation matrix 
from those obtained for each of the variant conditions correlation matrices. 
Subsequently, adjacency matrices were calculated by specifying that two nodes 
(residues) are connected if the increase in their correlation is > 0.5 relative to baseline. 
These correlation gain adjacency matrices were visualised and analysed using Gephi 
[174]. 
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Chapter 4  
Temperature-Induced Structural 
Changes of apo-Lactoferrin and 
Their Functional Implications: A 
Molecular Dynamics Simulation 
Study 
 
Manuscript under revision in Molecular Simulation, April 2018. 
 
4.1 Introduction  
In recent years, there have been an increasing number of reports on the application of 
milk protein alone, or in combination with other biomaterials, for the protection of 
probiotic cells. Probiotic microorganisms that possess health promoting characteristics 
which are generally regarded as safe (GRAS) are usually derived from the 
Bifidobacterium and Lactobacillus genus [1].  These lactic acid bacteria (LAB) are  
commonly used in the food industry for fermentation and to benefit the host by 
regulating gut health to assist the breakdown of sugars, promote good digestion, boost 
the immune system, maintain proper intestinal pH, and successfully compete with 
pathogens [2, 3].  To provide such benefits to the host, these bacteria must be active and 
be delivered at a minimum dosage of 10
6
 – 107 CFU/g [4]. The use of milk protein as an 
encapsulating material is gaining interest due to its commercial availability, the ability 
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to adjust its gel formation to match the bacterial environment, the capability of the milk 
protein to encapsulate any hydrophobic and hydrophilic live bacteria, and its nutritional 
importance [4, 5]. Although there have been some studies on the utilisation of milk 
proteins to encapsulate probiotics [4], the molecular mechanism of their attachment 
interaction is still not well understood.  
One of the key aspects in cell adhesion is the nature of the surface properties, which in 
this study involves the affinity between the milk protein lactoferrin and the cell wall 
surface of Gram-positive bacteria. Gram-positive probiotic bacteria have a surface 
mainly composed of a phospholipid peptidoglycan layer which contains a matrix of 
proteins, polysaccharides, teichoic acids and lipoteichoic acids that is situated between a 
cytoplasmic membrane and an s-layer. The s-layer is composed of macromolecular 
paracrystalline arrays of proteins or glycoproteins, commonly found in bacteria and 
archaea [175] and numerous hypothetical functions are proposed for this superficial 
layer that still requires further research. Some proposed functions include involvement 
in cell shape, molecular sieving, adhesion sites and surface recognition. The complex 
structure can also contain, but is not limited to, a combination of membrane and cell-
wall associated proteins that can be either covalently or non-covalently attached [5, 
121]. Adhesion on the bacterial peptidoglycan depends on several factors to achieve 
successful attachment, these include the physico-chemical characteristics  of appropriate 
temperature, the surface roughness, the surface free energy, whether the surface 
contains charged groups, and the ionic strength of the medium, together with the role of 
any biological phenomena such as the presence of specific molecular structures on the 
bacterial surface or substrate [5, 122].  The attachment can be considered to be of two 
forms, the first is non-specific and utilizes reversible interactions and the second is 
specific and tends to be non-reversible. Lactoferrin has been found to bind to specific 
receptors on eucaryotic cells [120].  
Lactoferrin is a glycoprotein that can be found in the whey protein of bovine milk. 
Bovine lactoferrin is a protein of molar mass about 80 kDa comprised of 689 amino 
acids, a mixture of β-pleated sheets, α-helices, turns and coils in its secondary structure 
[62]. The protein has a unique affinity for iron and can reversibly bind up to two iron 
Fe
3+ 
ions with the synergistic assistance of bicarbonate (HCO3
-
) [49]. Due to its 
reversible iron saturation characteristic, three forms of lactoferrin are commercially 
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available:  Iron saturated (holo-Lf),  the structure of which contains two irons and is 76 
– 100 % iron saturated;  one iron or iron depleted (apo-Lf) classified as being less than 5 
% iron saturated, and native-Lf, which is 15-20 % iron saturated composed of a mixture 
of both [176].    
Lactoferrin can potentially form a protective barrier for bacteria during the thermal 
processing of food [53, 177].  Schwarcz et al. studied the conformational changes in 
bovine holo-Lf and native-Lf, induced by slow or fast temperature increases using 
differential scanning calorimetry. Their heat treatment protocol examined temperatures 
relevant to pasteurization (72 °C for 15 s) and UHT (135 °C for 4 s) procedures. They 
found the holo-Lf preserved its secondary structure when exposed to heat with only 
slight changes in its tertiary structure observed [120]. Lactic acid bacteria such as 
Lactobacillus plantarum,  is known to function without iron in its structure for basic 
biochemical processes [10], as compared to other living organisms that has this essential 
requirement. This unique characteristic means that while being encapsulated by an iron-
scavenging protein, Lactobacillus plantarum would be able to deliver beneficial 
advantages  to the host without any detrimental effects, and the lactoferrin protein 
would still be able to carry out its antimicrobial action on pathogenic bacteria such as 
Escherichia coli, Listeria monocytogenes and Shigella flexneri [11].   
The present study investigated the behaviour of iron-free, apo-Lf, simulated in an 
aqueous salt solution using in silico atomic scale MD simulations to examine the 
molecular-level behaviour of the protein under conditions relevant to different food 
processing temperatures: room temperature (27 
o
C, 300 K), pasteurisation (72 °C, 345 
K), spray drying (90 °C, 363 K) and close to UHT (127 °C, 400 K). In particular, we 
have examined the changes in the overall protein fold and several residue-specific 
measures of structural and dynamical properties with respect to changes in temperature, 
and discussed the implications of these differences on several functionally relevant 
regions on the protein, including a possible bacterial-binding region which we identified 
through sequence alignment. Examination of the latter region at high temperatures 
enables prediction of the possible effects of different thermal treatment conditions on 
the bacterial-binding capacity of the protein, and its potential to act as a bacterial 
encapsulator. 
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4.2 Materials and Methods 
4.2.1 Protein Sequence Alignment 
Protein sequence alignment was used to identify possible regions on Lf that might bind 
to Gram-positive bacteria surfaces. Lf amino-acid sequence was aligned with Lysine M 
(LysM), a 44 residue sequence motif known to interact strongly with Gram-positive 
bacterial surfaces and previously shown to bind non-covalently to peptidoglycans by 
interacting with the N-acetylglucosamine moieties [126]. Sequence alignment was 
performed using the EMBOSS Needle Pairwise sequence alignment program which 
created an optimal global alignment of the two sequences using the Needleman-Wunsch 
algorithm [178]. The BLOSUM62 scoring matrix was employed, using a gap penalty of 
10 and a gap extend penalty of 0.5.  
4.2.2 Molecular Dynamics Simulations  
All-atom MD simulations were performed on apo-Lf at 300 K (27˚C - baseline 
simulations), 345 K (72˚C), 363 K (90˚C and 400 K (127˚C).  All MD simulations were 
performed using a GROMACS simulation package, version 4.6.5 [165] and GROMOS 
54A7 force field [179]. All bonds in the protein were constrained using the LINCS 
algorithm[166], while bonds in water were constrained using the Settle algorithm[167]. 
The initial downloaded X-ray crystal structure of lactoferrin contained two irons in its 
structure file (PDBID:1BLF) [180], and this was modified by manually removing the 
two Fe(III) ions, as well as all other non-protein components such as the bicarbonate 
ion, in order to reflect the biological conformation of an iron depleted apo-Lf, this 
structure also contains a total of 34 disulphide bridges.  Prior to the MD simulations the 
protein was placed in a rectangular box of size 16 x 16 x 8 nm
3
. SPC water was used to 
fill this box, resulting in the addition of 37,781 water molecules. Additionally, 113 
sodium ions and 126 chloride ions were added to the box to maintain the correct 
osmolality and electrostatic neutrality. Each system was energy minimized over a 
maximum of 1000 steps using the steepest descent minimization algorithm. 
Equilibration simulations were performed at 300 K with non-hydrogen protein atoms 
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positionally restrained for 100 ps under constant number, volume and temperature 
(NVT) conditions, and further equilibrated for 100 ps at constant number, pressure and 
temperature (NPT) conditions. The temperature was maintained using the Berendsen 
thermostat [142]and barostat was used to maintain the target temperatures (described 
below) and pressure at 1 bar. Electrostatic interactions between non-covalent atoms 
were computed using the Particle-Mesh Ewald (PME) summation [169, 170]. After 
equilibration, each system was subjected to 20 ns MD simulation under four different 
temperature regimes: i) constant 300 K; and three high temperature simulations in 
which the temperature was gradually raised from an initial value of 300 K at a rate of 20 
K per ns to 345 K, 363 K and 400 K, . Once the target temperature was reached, the 
system was maintained at that temperature for the remainder of the simulation (at least 
15 ns in length) in the isotonic salt water, with coordinates saved every 5ps. Each 
temperature was simulated in triplicate with a different initial random seed. Unless 
otherwise noted, all results are presented based on averages taken over the three 
independent simulations for each temperature. 
 
4.2.3 Simulation Trajectory Analyses  
The majority of the simulation analyses were carried out using the GROMACS analysis 
tools unless otherwise stated. The atom positional RMSD was calculated using the 
GROMACS g_rms program on the modified apo-Lf’s initial and final positions to give 
a quantitative stability measure for a given simulation. The root mean square fluctuation 
(RMSF) was calculated using GROMACS g_rmsf to give a quantitative fluctuation 
measure of the mobility of the residues at a given simulation temperature. GROMACS 
g_sas solvent accessible surface area (SASA) was employed to measure the surface area 
of lactoferrin that was available for direct contact with the solvent. The radius of 
gyration, Rg, was also calculated to give a measure of the protein compactness and 
symmetry. The GROMACS program g_hbond was used to determine any change in the 
number of hydrogen bonds. An external visualisation tool, VMD was used to highlight 
specific regions of interest and using the Tcl/Tk scripting tool to colour structures based 
on RMSF values. A further representation of residue motions associated with the 
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changes in secondary structure was also performed to understand any thermally driven 
unfolding of the protein structure over time. 
 
4.2.4 Network Analyses 
Network analyses were performed to determine: i) conformational clusters and 
transitions (conformational networks) during trajectories, ii) loss of inter-residue 
interactions, and iii) gain of inter-residue motional correlations at different 
temperatures. 
For conformational networks, each node corresponds to a frame in the simulated 
trajectory, and a connection between two nodes indicates that the two structures are 
similar (i.e. within a prescribed RMSD cut-off value). Conformational networks were 
calculated using the RMSD tool in GROMACS to firstly obtain a 2D matrix where each 
element (i, j) in the matrix corresponds to the RMSD between the backbone structure at 
time i and time j during the simulation. RMSD matrices were calculated for the 
trajectories at each simulated temperature. The RMSD matrices were converted to 
“adjacency matrices” via a Python script, where structures (nodes) with RMSD < 0.2 
nm were treated as similar (connected). The adjacency matrices were visualised as 
networks and analysed using the network analysis software Gephi version 9.0.1 [174]. 
Nodes in all of the networks calculated were clustered into highly inter-connected 
“communities” (or modules) according to the modularity and weighted degree of the 
nodes calculated using the algorithms implemented in Gephi. For conformational 
networks, a “community” can be interpreted as a conformational cluster, in which 
members within the cluster share structural similarities. 
For inter-residue contact loss networks for the high temperature 345 K, 363 K and 400 
K simulations, each node corresponds to a single residue, and a connection between two 
nodes indicates that the two residues lose contact relative to the baseline 300 K 
simulation. These networks reveal the regions of the protein most sensitive to heat 
disruption. Firstly, for each simulation, trajectory-averaged inter-residue distance 
matrices were calculated using the MDMAT code implemented in GROMACS. The 
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distance matrices were converted to adjacency matrices where residues (nodes) whose 
C-α atoms lie below 0.7 nm of each other are treated as connected. Contact distance loss 
matrices were then calculated by subtracting the 300 K inter-residue adjacency matrix 
from that obtained for each of the 345 K, 363 K and 400 K adjacency matrices. The 
adjacency matrices were then analysed using Gephi [174]. For contact difference 
networks, a “community” can be interpreted as a cluster of residues which lose contact 
with each other at higher temperatures relative to 300 K. 
For inter-residue motional correlation gain networks for the high temperature 345 K, 
363 K and 400 K simulations, each node corresponds to a single residue, and a 
connection between two nodes indicates that the two residues have an increase in 
dynamical correlation relative to the baseline 300 K simulation. These networks reveal 
the regions of the protein that move in a more concerted manner (i.e. “move together”) 
at elevated temperatures. Firstly, for each simulation, trajectory-averaged dynamic 
covariance matrices were calculated using the g_covar code implemented in 
GROMACS. The covariance matrices were converted to correlation matrices. Then 
correlation gain matrices were calculated by subtracting the 300 K correlation matrix 
from those obtained for each of the 345 K, 363 K and 400 K correlation matrices. 
Subsequently, adjacency matrices were calculated by specifying that two nodes 
(residues) are connected if the increase in their correlation is > 0.5 relative to 300 K. 
These correlation gain adjacency matrices were visualised and analysed using Gephi 
[174]. 
 
4.3 Results and Discussion 
Several MD simulations studies have previously investigated the effect of temperature 
on protein structures, and have provided an insight into the nature of protein stability; 
conformational changes; protein folding; molecular recognition in protein, DNA, 
membranes and complexes; and ion transport in biological systems [181, 182]. Other 
studies have simulated the thermal behaviour of proteins and provided information to 
support experimental research in milk proteins [183, 184, 185]. Although simulations 
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can provide temporal information of evolving molecular/atomic structures, they are 
limited by their short time frames, but they do provide very detailed molecular and 
atomic level information for a system which cannot be readily obtained by direct 
observation. The advantage of such an MD simulation, when the protein structure is 
known, is to allow focus on a specific variable and so eliminate other changes that may 
occur during laboratory based experiments.   
 
4.3.1 Identification of Possible Bacterial 
Surface Binding Region  
The results, presented in Figure 4.1, show the location of bacterial cell wall binding 
region in lactoferrin and revealed the possible membrane-binding areas in lactoferrin to 
be located in one near-continuous single-strand peptide which has two β-pleated sheets 
connected by coils as its secondary structure. The sequence, indicated in red in Figure 
4.1a, shows the lactoferrin to have 36 residues (82 %) that shared the same 
characteristics, beginning at His420 to & Ser421 and continuing from Leu427 to 
Ala460. These 36 residues, contain 5/36 lysines, 4/36 leucines and alanines, 3/36 
serines, valines and threonines, 2/36 histidines, glutamic acids, glycines, asparagines, 
and 1/36 arginine, proline, tyrosine, tryptophan, aspartic acid and cysteine. These 
residues gave the bacterial binding regions in Lf a total pI of 9.43, an overall charge of 
4+ and overall hydrophobicity of 5 (from a total of 13 hydrophobic residues and 8 
hydrophillic residues). Further inspection revealed the area to be skewed to one side of 
the protein, in the C-lobe (Figures 4.1b & 4.1c).  
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(a) Blank = Mismatch/Gap “.” = Similar “:” = Very similar “|” = Identical 
     
 
Figure 4.1 (a) Protein sequence alignment of a known bacterial membrane binding domain, 
LysM. Location of bacterial cell wall binding region in lactoferrin, revealing the possible 
membrane-binding areas in lactoferrin present in one near continuous single-strand. (b) Side-on 
view, revealing the most electropositive region (red), the bacterial binding site, in the C-Lobe, 
with the most electronegative region, (yellow) in the N-lobe. (c) End-on view with 
electropositive region His420-Ser421 and Leu427-Ala460 highlighted as a separate sequence.  
 
4.3.2 Conformational Networks: 
Qualitative Analyses of Tertiary 
Structure 
To obtain an initial impression of the overall structure and dynamics of the protein 
under different temperature conditions, conformational networks obtained from the 
trajectories were first examined and, from that, the most highly-populated structures of 
the protein identified. Conformational networks enable visualisation of the number of 
distinct structures which arise during the simulations, as well as the dynamical 
relationships between them. 
Proposed Bacterial     
attachment region  
Electronegative 
region 
 
 
 
 
 
(b)                                                                                                  (c) 
N-Lobe                                                      C-Lobe 
Leu427 
Ala460 
His420 
Ser421 
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Conformation Network, 300 K (27˚C) 
(a)   
Conformation Network, 363 K (90˚C) 
(b)   
Conformation Network, 400 K (127˚C) 
(c)   
Figure 4.2 Conformational networks (left) and most highly-populated structures of Lf (right) 
for simulations at (a) 300 K, (b) 363 K and (c) 400 K. (The 345 K network is similar to that of 
the 363 K and is not shown). Networks are colour coded according to communities 
(conformational clusters) identified. Node sizes are proportion to the degree of the node (i.e. 
number of connections). Three conformational clusters are identified for 300 K, indicating a 
relatively rigid structure, whereas many more distinct clusters are identified at higher 
temperatures. Ribbon structures are colour-coded as follows: magenta = α-helix, yellow = β-
pleated sheets, cyan = turns, blue = 3-10 helix. 
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At 300 K (Figure 4.2a), only three major conformational clusters were identified (with 
nodes- structures- inside each cluster being no more than 0.2 nm RMSD difference from 
its connected neighbours). All of the clusters share similar characteristics, with most of 
the nodes being highly inter-connected. Additionally, two of the clusters (purple and 
orange) are highly inter-connected with each other, suggesting possible frequent 
transitions between these two conformations, while the third (green) is more structurally 
distinct and is only connected to one other cluster. The overall fold of the protein is 
similar to the starting structure, with the main differences being in the flexible loop 
regions (discussed further in the sections below). At higher temperatures, more clusters 
are identified, and generally similar network topologies are obtained for 345 K (not 
shown) and 363 K. In particular, at 363 K, seven clusters are present, although only 
three of these (blue, orange and brown) are connected with each other, suggesting that 
frequent transitions between these structures are possible. These three clusters also have 
the most highly connected nodes (indicated by the larger sizes of the nodes in Figure 
4.2b. The remaining clusters (e.g. green & purple) are made up of poorly-connected 
nodes, and these may correspond to infrequently-visited structures which arise due to 
thermal disruption. The overall structure is also similar to that of the starting structure 
(Figure 4.2b, right hand inset), with the flexible loop regions being largely responsible 
for the existence of the higher number of distinct conformational clusters. At the highest 
temperature examined, 400 K (Figure 4.2c), approximately ten clusters were identified, 
each relatively poorly connected to each other, indicating that the protein undergoes a 
continuous series of structural changes which do not yet converge within the timescale 
of the simulations. This may correspond to the initial stages of substantial thermal 
denaturation. While the secondary structure of the protein appears to be largely 
maintained, the two lobes of the protein undergoes a degree of collapse which brings 
them closer together (Figure 4.2c, right hand inset), reducing the apparent size of the 
protein. Thus, at 400 K, the existence of a higher number of distinct conformations is 
due to the flexibility of the loops and of the two lobes (N- and C-terminal lobes) which 
move relative to each other. 
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4.3.3 RMSD and Radius of gyration: 
Quantitative Analyses of Tertiary 
Structure 
The tertiary structure changes of apo-Lf with respect to time may be quantified by 
examining its RMSD, which shows its overall deviation and structural drift with respect 
to its initial conformation (at time = 0 ns), and its radius of gyration (Rg), which 
quantifies the changes in its dimensions, with respect to time. The RMSD analyses on 
the backbone atoms of the lactoferrin protein provided information on the 
conformational stability of the protein with respect to temperature. The plots of RMSD 
versus time at the four different temperatures are presented in Figure 4.3a, and the plot 
for each temperature was taken as an average over three independent simulations. As 
expected, at all temperatures, the RMSD values were identically zero at the beginning, 
as the starting structures for all simulations are identical, and remain similar up to ~ 3 
ns. Subsequently, after approximately 3 ns, clear differences emerge between the 
RMSD curves at different temperatures. At 300 K, the RMSD is lowest, and plateaus 
after ~5 ns with an average fluctuation of only 0.4 nm. At higher temperatures, both the 
345 K and 363 K systems were seen to have very similar RMSD profiles (fluctuating 
between 0.4 to 0.7 nm) and the trends in Figure 4.2a are seen to be overlapping at a 
number of points (4 ns, 7 ns, 11 ns, 15 ns, 17 ns and 19 ns, respectively). These results 
suggest that over this simulation time frame, the protein structure was relatively stable 
and not likely to be undergoing protein unfolding. It also suggests that while the 345 K 
simulation results in some substantial structural difference from 300 K, there is little 
further structural disruption if the temperature is raised to 363 K. In contrast, at the 
highest temperature (400 K ), the simulation trajectory captured an indication of 
structural instability at a very early stage, as indicated by the largest RMSD, which 
continued to increase to the end of the simulation time frame, and is very distinct from 
the others, since it still appears to be increasing above 0.8 nm beyond the 20 ns time 
limit. This is indicative of substantial structural drift which may 
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Root Mean Square Deviation 
(a)  
 
Radius of Gyration 
(b)  
 
 Control 300 K 
(27 °C) 
 345 K  
(72 °C) 
 363 K  
(90 °C) 
 400 K  
(127 °C) 
 
Figure 4.3 Structural analysis of the MD simulation results. (a) Backbone RMSD of lactoferrin 
for 300 K (purple), 345 K (blue), 363 K (orange) and 400 K (red); and (b) radius of gyration 
(Rg) with respect to time, averaged over 3 independent trajectories. The RMSD indicates that 
while structural deviation is similar at 345 K and 363 K, far more substantial structural drift is 
observed at 400 K. Rg indicates that Lf has similar overall dimensions at 300 K, 345 K and 363 
K, but becomes more compact a 400 K.  
 
be related to protein unfolding at this high temperature. The increase and fluctuating 
trends in RMSD at the highest temperature (400 K) provide evidence of large structural 
changes to the lactoferrin protein and disturbance of the tertiary structure of the protein. 
The relative stability of the RMSD at temperatures below 363 K suggests that these 
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processing temperatures do not affect apo-Lf function, and that only at UHT (400 K) are 
disruptions to structure and function evident. This is consistent with experimental 
results demonstrating, for example, the loss of antibacterial activity after UHT 
processing, whereas bacteriostatic activity is retained after processing below 363 K 
[17]. It is possible that other functions, such as bacterial membrane surface binding, also 
follows similar temperature behaviour. The radius of gyration (Rg) measures the spatial 
spread of the protein’s mass, providing information on its overall compactness, 
conformation and unfolding as the Rg changes over the time interval studied. 
Measurements of the motion of the protein’s Cα atoms versus time, provides knowledge 
on the protein denaturation stages, indicating where control of the external environment 
of the protein is needed for improved preservation during processing. Using the Rg 
method on the trajectory files (Figure 4.3b) revealed that on average, when compared 
with the control, a decrease in the value of Rg occurred as the temperature increased; 
300 K (1.53 nm) > 345 K (1.49 nm) > 363 K (1.51 nm) > 400 K (1.29 nm) (supporting 
data not shown here), where values in the brackets are averages. Thus, there is a general 
similarity to the RMSD results discussed above, in that while temperatures below 363 K 
result in similar structures, with approximately the same values of Rg (~1.5 nm); only at 
400 K is there a substantial departure, with a lower average Rg of 1.3 nm, indicating a 
decrease in size, rather than as might be expected, an increase in the size of the protein 
due to possible high-temperature unfolding,. There is also much greater variatioon in 
the values of Rg at 400 K, with values ranging between 0.9 nm to 1.7 nm throughout the 
trajectories, compared to the other temperatures, which are more uniform over the entire 
simulation time period (1.4 - 1.8 nm). The lower average Rg at 400 K, as well as the 
higher extent of variation, combined with visual inspection of the trajectories, indicates 
that this temperature induces substantial motions of the N- and C-terminal lobes relative 
to each other, with a hinge point in the inter-lobe region. The higher temperature 
therefore disrupts the contacts between the two lobes, enabling them to move more 
freely relative to each other, resulting in an oscillatory motion which is reflected in the 
periodic changes in the Rg time series plot. 
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4.3.4 Overall Secondary Structure and 
Internal Hydrogen Bonding 
Differences 
The changes in the relative amounts of secondary protein structures (α-helices, β-
pleated sheets, coils and turns) give an indication of the overall protein stability and the 
dynamics of the process occurring. The details showing the percentage of helices, 
sheets, coils and turns present in apo-Lf after heat treatment for 20 ns are presented in 
Table 4.1 and in pictorial form in Figure 4.2. 
In the present instance, the effect of the overall temperature change from 300 K to 400 
K is seen to drive a 12 % decrease in the α-helices (32.5 - 27.6 %), a  12 % increase in 
coils (14.2 - 16.5 %) and a 9 % increase in turns (33.8 - 36.6 %)  with no significant 
change in β-pleated sheets. This is significant, because in this simulation all 28 β-
pleated sheets in apo-Lf have remained stable.  
Table 4.1 Percentage of secondary structures of simulated apo-Lf at target 
temperatures. 
Sample 
% 
α-helices β-pleated sheets Coils Turns 
Control 300 K (27 °C) 32.47 17.38 14.21 33.85 
 345 K (72 °C) 30.47 17.62 14.58 35.21 
 363 K (90 °C) 30.70 17.05 15.09 34.78 
 400 K (127°C) 27.59 17.06 16.48 36.63 
 
The results show that before exposure to any of the three heat treatments, apo-Lf had the 
highest percentage of helices in its structure which is consistent with known results 
[108]. Between 345 K and 363 K, the helix content is reduced by approximately 2 %, 
thus maintaining generally the same amount of secondary structure. In contrast, at 400 
K, the helix content decreased by 12 % and caused the coils and turns to increase by 12 
% and 9 %, respectively.  This suggests that α-helices are very sensitive to temperature, 
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and start to partially uncoil in the range 345 – 363 K. However, a very high temperature 
(400 K) is required for more significant uncoiling to take place. The β-pleated sheet 
content (as mentioned before) is quite similar across all temperatures, indicating that 
this secondary structure is quite robust and stable in this protein over the temperature 
range studied. These results suggest that the protein fold remains intact throughout the 
simulations; although there are some differences in secondary and tertiary structure and 
some minor unfolding occurs particularly in the α-helical regions at elevated 
temperatures. Previous studies on whey protein denaturation behaviour have 
demonstrated it occurs in two forms: reversible and non-reversible. In a review by 
Wijayanti et al .[16], whey protein denaturation becomes irreversible when the protein 
aggregates develop and form protein complexes, specifically via the interaction between 
a free thiol (–SH ) group and proteins containing the disulphide (S-S) bond of cysteine. 
An experimental study by Wang et al. [108] of apo-Lf denaturation showed that beyond 
60 °C the conformational structure had begun to lose its shape, and at 95 °C further 
protein denaturation occurred. This supports the results of our 72 °C (345 K) and 127 
°C (400 K) simulations in which potential conversion of α-helices to coils and turns 
occurred for lactoferrin. Indeed, it was found that there was a reduction in the number of 
α-helices at the highest temperature compared to the control, and this indicates helices 
are much more sensitive to temperature than the β-sheets, as helices are more 
susceptible to aggregate formation. 
Table 4.2 details the number of hydrogen bond interactions and salt bridges present in 
the protein, where it can be seen that an increase in temperature leads to a reduction in 
hydrogen bonding by about 4 % over the whole temperature range. Specifically, relative 
to 300 K, there is a marginal reduction in the total number of internal hydrogen bonds at 
345 K and 363 K (with a loss of approximately 5-7 hydrogen bonds); while a more 
marked decrease is observed at 400 K, with a loss of approximately 20 hydrogen bonds. 
This trend is consistent with the RMSD, radius of gyration and secondary structure 
analyses above, in which only relatively minor differences are evident at low 
temperatures, but more important differences, are observed at UHT conditions of 400 K. 
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Table 4.2 Hydrogen bonding and salt bridge analyses of simulated apo-Lf relating to 
denaturation. 
Sample 
Number of hydrogen 
bonds 
Salt bridge separation (nm) 
Indirect Direct 
Control 300 K (27 °C) 525.2 ± 6.5 [1]: 0.336 
[2]: 0.529 
[1]: 0.637 
[2]: 1.199 
[3]: 0.608 
[4]: 0.849 
 345 K (72 °C) 518.6 ± 7.5 - - 
 363 K (90 °C) 516.6 ± 8.2 - - 
 400 K (127 °C) 506.7 ± 9.2 [1]: 0.342 
[2]: 0.679 
[1]: 0.664 
[2]: 1.306 
[3]: 0.563 
[4]: 0.817 
Indirect = salt bridge on apo-Lf adjacent to binding area: [1] Lys544:Asp546, [2] Asp462:Lys673.  
Direct  =  a salt bridge between residues on apo-Lf in the LysM identified binding area: [1] 
Arg428:Glu431, [2] Lys441:Glu444, [3] Lys452:Asp453, [4] Asp453:Lys455.    
For the salt bridge interactions, there was generally a slight increase in separation at the 
extreme temperature, except for [3] Lys452-Asp453 (Table. 4.2). This analysis indicates 
that no major changes occur in the salt bridge population as the temperature is raised. 
This result is not entirely unexpected, as the salt bridges are more robust, and unlike the 
directional behaviour of H-bonds, function equally well in all directions, and are less 
susceptible to disruption by molecular motions which cause shifts in (non-covalent) 
bond angles.    
 
4.3.5 Residue-Level Differences: RMSF & 
SASA 
The above analyses describe the overall protein properties with respect to temperature, 
and have shown that while there are some changes at temperatures up to 363 K, more 
marked changes only occur at the higher temperature of 400 K. In order to gain more 
insight into the specific regions where the most changes occur, we examine the changes 
in root-mean-square fluctuation (RMSF) and solvent-accessible-surface areas for each 
residue in the protein at different temperatures. Since different regions on the protein 
play various specific roles in its biological function, by examining residue-level specific 
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changes with respect to temperature, it may be possible to infer the functional 
consequences of different temperature treatment conditions on apo-Lf.   (In this section, 
basic “absolute” properties with respect to each residue will be discussed, while 
subsequent sections will focus on inter-residue interactions and connections.) 
Figure 4.4a illustrates the output of RMSF analyses (at the Cα position on the 
lactoferrin protein) showing that the RMSF values for each residue increases 
progressively from 300 K to 345 K and 363 K, with the 400 K (127 °C) system showing 
the largest variations compared to the other three temperature regimes. The positions of 
the fluctuating peaks are very similar for all temperatures, and consistently highlight the 
most mobile residues.   Thus, in the following discussion, unless otherwise noted, the 
focus will be on the RMSF peaks at 400 K. A group of residues composed of Pro219 to 
Lys221 and Gly550 to Asn553 in the N- and C-lobes, respectively, were influenced the 
most, as indicated in Figure 4.4a. These two regions are located on the outermost 
surface of the protein. Additionally, residues Glu220 and Gln108, Ser141, Glu276-
Glu286, Asn553, Gly554 and Phe618, Glu276, Lys277, Gln287, Asn552 showed the 
largest variation compared to the other residues. These residues are located in the 
protein around the 200 and 500 amino acid regions in the simulated apo-Lf.  
Several regions of apo-Lf which have known functional properties were then examined. 
To aid visualisation of the flexibility of the various functionally-important regions of 
the protein at elevated temperatures, the RMSF values for 400 K are colour coded in the 
ribbon structure in Figure 4.4c, with red regions corresponding to areas of highest 
flexibility, while blue represents the most stable regions. Thus, inspection of the colour- 
coded ribbon structure suggests that the centres of the two lobes in the Lf protein were 
relatively stable, although at 400 K, there is a small degree of enhanced fluctuation in 
this inter-lobe region. This area also corresponds to the iron-binding region associated 
residues, involving Asp60, Tyr92, Tyr192 and His253 from the N-Lobe and Asp395, 
Tyr433, Tyr526 and His595 from the C-lobe. As can be confirmed by inspection of 
Figure 4.4a, RMSF values for these regions are relatively  small and similar for 300 K 
and 345 K (both ~0.2 nm), but increase at 363 K (~0.3 nm) and even more so at 400 K 
(>0.4 nm). Therefore, these results suggest that the iron binding capacity of apo-Lf is 
unlikely to be substantially diminished below 363 K, while at the highest temperature 
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(a)  
 300 K  
(27 °C) Control 
 345 K  
(72 °C) 
 363 K 
 (90 °C) 
 400 K  
(127 °C) 
 
Solvent-Accessible Surface Area Difference (400 K minus 300 K) 
(b)  
(c)  
Figure 4.4 (a) RMSF of the Cα positions in the lactoferrin backbone versus residue number. 
Key residues with enhanced RMSF at high temperatures are marked. (b) Differences in SASA 
with respect to residue number for 400 K, calculated relative to the SASA for 300 K. (c) Ribbon 
structure of Lf colour-coded according to RMSF value at 400 K, indicating particularly high 
flexibility at loop regions (circled) in both the N- and C-lobes.  
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studied (400 K, 127 °C), which is close to that used in the UHT process, the MD 
simulations captured evidence for the unfolding of the protein and incipient 
denaturation with two major areas being affected, as can be seen in Figure 4.4a. The 
greater fluctuation of the iron binding region in the lobes might have implications for 
the ability of apo-Lf to bind iron and perform its role in transportation of iron after heat 
treatment at UHT, but not at pasteurization or spray-drying temperatures. 
The RMSF plots can also serve to highlight other regions of functional importance that 
are affected by temperature: a more detailed study of the fluctuation profile of the anti-
bacterial region in lactoferrin (residues Ala1-Arg47) suggests that these regions are 
marginally affected by temperature variations below 363 K (with a peak at residue 
Arg47 with RMSF of ~0.5 nm), but slightly more affected with a higher RMSF at 400 K 
(~0.65 nm). However, the most significant impact is observed for residues surrounding 
Thr552, which is structurally close to the proposed bacterial membrane binding area, 
Val438 to Ala442. This sequence is located on the C-Lobe (circled in Figure 4.4c). 
Indeed, even at 345 K, the RMSF value is high (close to 0.6 nm), while the highest 
RMSF is at 400 K with a value of ~0.85 nm, the area of greatest flexibility on the entire 
protein. Therefore, these regions are likely to be strongly influenced by temperature, 
even at the relatively low pasteurisation temperature. Since the RMSF values are 
weakly temperature dependent in the anti-bacterial (N-terminal) regions, despite the 
high temperature sensitivity of the proposed bacterial membrane binding site, it is 
nevertheless still possible that when lactoferrin is attached to a bacterial surface, its 
antimicrobial, antiviral, antitumor and immunological properties, attributed to the N-
Lobe will not be affected.  
To further probe the changes in the apo-Lf structure at the residue-level, the solvent-
accessible-surface area (SASA) of each residue was calculated at the three temperatures 
studied. This function was used to estimate the solvent accessible area on the iron-free 
lactoferrin that is available for direct contact with solvents. The lactoferrin protein 
surface was traced for van der Waals forces by using the radius of a water molecule, 1.4 
Å, as reference and was calculated for each residue. To more clearly indicate the 
changes in SASA due to temperature, for each residue, the average SASA value for the 
300 K simulations were subtracted from those of 400 K, and the resulting SASA plot 
is shown in Figure 4.4b. The SASA at the highest temperature, compared to the control, 
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showed residues surrounding Phe278, Arg284 and Phe286 and Lys620; and Pro134, 
Asn234 Ser417 and His420 show the greatest temperature-dependent differences in 
SASA compared to the other residues, indicating that they generally became more 
exposed due to the temperature change (similar residues of interest are identified for 
345 K and 363 K, but are not shown). These residues are also the same, or close to, 
those that show the highest increase in RMSF at 400 K (see above), indicating that a 
higher flexibility (RMSF) is associated at the same time with increased solvent 
exposure (SASA).  
Overall, based on the above RMSF and SASA results, the MD simulation revealed the 
core of the two lobes of the glycoprotein (N-lobe and C-lobe), to be the most thermally 
stable compared to the surface, but the stability of the overall protein decreased at the 
upper most temperature (see RMSD data in Figure 4.3a). This result is in agreement 
with the literature [51], which reported that the structure in the area where iron is bound 
is strongly protected by the group of amino acids identified as Asp60, Tyr92, Tyr192 
and His253, for one iron binding site, and Asp395, Tyr433, Tyr526 and His59 for the 
other site. The present simulation results are in agreement, and indicate that the 
hydrophobic residues within the protein are not being exposed to the water environment 
and their structure is maintained at the two temperatures.  
 
4.3.6 Inter-residue Contact Loss Networks 
The previous sections have described the detailed fluctuations in RMSD’s, RMSF’s, Rg, 
SASA’s and protein conformational changes with respect to each residue. In the 
following sections, the focus is on changes in the interactions between residues with 
respect to temperature.  
Inter-residue contact loss networks show residues that lose contact with each other 
relative to the 300 K structure, as the temperature is raised from 345 K to 363 K and 
400 K. This enables identification of regions that are particularly heat sensitive, as well 
as proposing the likely effects on the functional properties of Lf under different heat 
treatment regimes. At 345 K (Figure 4.5a), only isolated residues lose contact. In 
particular, Glu444 (LysM region), and residues Tyr319/Leu320 are the only nodes 
 106 
 
 
which have a high number of “connections” with other nodes, with such connections 
indicating loss (rather than maintenance) of contact. These residues lie on loop regions; 
thus, increased fluctuations of these areas relative to 300 K (see RMSF, Figure 4.4a) are 
due to loss of contacts with neighbouring residues. This loss of contact is largely 
localised to a few residues, and these are likely to be the most temperature-sensitive 
areas on the protein and the first to undergo structural rearrangement upon heating. 
At further elevated temperatures, there is more widespread loss of contacts. At 363 K 
(Figure 4.5b), residues Glu444 (LysM region) and Leu320 again show the most loss of 
contacts, similar to 345 K. However, other residues in their vicinity also exhibit 
substantial loss of contact, as evidenced by the existence of several other high-degree 
nodes within the same network clusters. Additional clusters are also identified which are 
centred around residues Leu631 and Thr663. At both 345 K and 363 K, all of the 
residues which show substantial loss of contacts lie on loop regions only. 
At 400 K (Figure 4.5c), there is further widespread loss of contacts. Residue Glu444 
shows the greatest loss, similar to 345 K and 363 K, again demonstrating the fragility of 
the structure in this region of the protein. In contrast to the lower temperatures, the most 
substantial amount of contact disruption occurs for a large cluster of residues centred 
around Ala274 (green), as well as Cys183 (blue). These two clusters of residues lie 
throughout the N-terminal lobe of Lf. Thus, under UHT processing conditions, the N- 
terminal lobe of the protein is likely to undergo the most marked structural disruption. 
Additionally, at 400 K, not only loop regions, but also the α-helical region (residues 
Glu267-Ala274) loses substantial contact (green regions in Figure 4.5c, right hand 
insert). It is noted that the antibacterial regions of the protein lie on the N-lobe [70, 80]. 
Thus, we propose that heat treatment, particularly at 400 K and above, will be most 
disruptive to the antibacterial activity of the protein, while at relatively lower heat 
treatment temperatures (below 363 K), this damage is limited. This is consistent with 
experimental results demonstrating the loss of antibacterial activity after UHT 
processing, whereas bacteriostatic activity is retained after processing below 363 K 
[17]. 
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(a) Contact Loss Network, 345 K minus 300 K 
 
(b) Contact Loss Network, 363 K minus 300 K 
 
(c) Contact Loss Network, 400 K minus 300 K 
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Starting Structure at 300 K Final Structure at 400 K 
(d)  (e)  
Figure 4.5 Residue contact loss networks (left) and ribbon structures of Lf (right) with residues 
of interest shown as large spheres and colour coded, for (a) 345 K, (b) 363 K, and (c) 400 K. 
The networks show residues which lose contact with their neighbours relative to 300 K. 
Networks are colour coded according to communities (residues) which collectively lose contacts 
at high temperature. Node sizes are proportion to the number of connections lost. Progressively 
larger numbers of residues lose contact with increasing temperature. The influence of heat on 
the identified bacterial binding region in apo-Lf are shown as follows: (d) starting position 
structure at 300 K, and (e) final structure at 400 K.  The figures show a comparison of the 
starting structure and final structure after thermal exposure, with emphasis on monitoring 
Leu446, Trp448 and Leu451.   
 
Overall, examination of the inter-residue contact loss networks suggest that at 345 K, 
isolated residues on loosely-connected loop regions of apo-Lf lose contact with their 
neighbours. At 363 K, this loss becomes more widespread, with further residues (still on 
loop regions only) losing contacts with each other. In contrast, at 400 K, there is a 
widespread loss of contacts between residues throughout the entire N-terminal lobe, 
including not just loop regions, but also some α-helical regions. This has particular 
implications for the potential loss of antibacterial activity of apo-Lf after UHT 
processing, since most of the known antibacterial peptides derived from Lf originate in 
the N-lobe. Finally, at all temperatures simulated, the region around residue Glu444 
(LysM region) loses contacts with surrounding residues, indicating the fragility of the 
contacts involved in this region even at relatively low temperature. Thus, the bacterial 
surface binding capability of Lf might be especially sensitive to temperature treatment. 
The RMSF and network analyses discussed above suggest that the proposed bacterial 
membrane surface binding region is amongst the most temperature-sensitive areas on 
apo-Lf. To further probe the interactions and structures in this region which might 
explain its temperature sensitivity, the changes in the lactoferrin protein structure were 
Trp 448 
Leu 446 
Leu 451 
Trp 448 
Leu 446 
Leu 451 
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visually analysed, with particular focus on the side chains of this area. Understanding 
temperature-induced disruption of this region can be obtained by concentrating on the 
three non-polar peptides, Leu446, Trp448 and Leu451 (representative structures shown 
in Figures 5d and 5e; similar observations are made for all simulation replicates) and 
comparing its initial structure (Figure 4.5d) to the final structure at the highest 
temperature (Figure 4.5e).  At temperatures below 363 K, this triplet of hydrophobic 
residues is in close contact with each other, and may be considered to form a cluster of 
mutually-reinforcing interactions which stabilise this region. In particular, Trp451 and 
Leu458 are in close contact, with a separation of ~4.5 Å. However, at 400 K, the 
distance between Trp448 to Leu446 had increased to above 4.72 Å (for example, to 
13.47 Å in the final frame of one of the independent trajectories, as shown in Figure 
4.5e), indicating that the high temperature had caused a structural distortion resulting in 
breakage of this potentially crucial hydrophobic interaction in the region of Lf identified 
as the LysM binding peptide. This may not be a problem for probiotic protection by Lf, 
as most processing temperatures are usually below 90 °C. Thus, one of the key factors 
leading to large fluctuations of this region is the breakage of a hydrophobic triplet of 
interactions, which requires very high temperatures to fully disrupt.  
 
4.3.7 Inter-residue Correlation Gain 
Networks 
High temperature processing is proposed to lead to loss of inter-residue contacts, with 
the N-lobe particularly vulnerable to heat treatment, as proposed in the above section. 
High temperature is also expected to affect the correlation of the motions between 
residues throughout the protein. Examination of the loss in inter-residue correlation 
indicates that many of the residues which lose contact with each other at elevated 
temperature also show a reduction in their motional correlation, as is reasonable to 
expect (not shown). However, many regions of the protein also show an increase in 
motional correlation between its residues (i.e. these residues “move together” more) at 
elevated temperature compared to 300 K.   
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At 345 K (Figure 4.6a), three main clusters of residues show increased motional 
correlation, centred at residues Gln249 (purple), Gly147 (blue), and Thr212/Ala460 
(green). The first two clusters (purple and blue) involve loop residues in the N-terminal 
lobe only, indicating that at 345 K these residues are driven to move synchronously in a 
relatively localised fashion. However, the third cluster (green) is composed of residues 
from both the N- and C-terminal lobes, indicating a wider, delocalised correlated 
movement  across the length of the protein between residues Ala212 (N-lobe) and 
Ala460 (C-lobe). Qualitatively similar observations can be made regarding the network 
at 363 K (Figure 4.6b), in which there are also three main clusters of residues which 
show increased motional correlation (relative to 300 K). Two of these clusters are 
localised: one centred in the N-lobe (green), and the other in the C-lobe near the LysM 
region (purple); while the remaining large cluster (blue) is dispersed across both the N- 
and C-terminal lobes (blue), involving residues centred at residues Leu229 and Ser634 
respectively. 
However, a markedly different network structure is obtained at 400 K (Figure 4.6c). As 
with the previous networks, three main clusters dominate the network, being composed 
of residues centred at Ser141 (green), Gly366 (orange) and Ala317 (blue); a smaller 
cluster also exists (Ser634 and Asn638, purple, but this cluster can also be considered to 
be part of the larger orange/green clusters). The three dominant clusters are all iron 
binding and release [17, 62, 117]. The much stronger correlation of motions for residues 
that are far apart suggests that at 400 K, disruptions of one region of the protein (for 
example, in the N-lobe region, whose structure was shown to be readily disrupted) may 
be readily transmitted to other areas of the protein, and that high temperatures may 
disrupt multiple functions of the protein despite some structural effects being apparently 
localised to limited segments. Such potential transmission of structural changes may 
bemade more rapid at 400 K compared to lower temperatures, owing to the increased 
correlation of the motions of the inter-lobe helix with the motions in both lobes. 
Overall, examination of the inter-residue correlation gain networks suggests that at 345 
K and 363 K, the residues move in a more “in-phase” fashion for localised regions of 
the protein compared to 300 K, while at 400 K, many more residues across the entire 
length of the protein move in-phase with each other. This suggests that at 400 K, heat 
effects in one region of the protein may be rapidly transmitted to other regions of the  
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(a) Correlation Gain network, 345 K minus 300 K 
 
(b) Correlation Gain network, 363 K minus 300 K 
 
(c) Correlation Gain network, 400 K minus 300 K 
 
Figure 4.6 Residue motional correlation gain networks (left) and ribbon structures of Lf (right) 
with residues of interest shown as large spheres for (a) 345 K (b) 363 K and (c) 400 K. The 
networks show residues which collectively have increased correlated motion at high 
temperature, relative to 300 K. Nodes are colour coded according to communities (residues) 
which collectively show increased correlation under high temperature. Node sizes are 
proportion to the number of residues with which the node (residue) in question show increased 
correlation. Progressively larger numbers of residues move in concerted motion with increasing 
temperature. 
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protein, and therefore, high temperature treatment may in fact be eventually disruptive 
to multiple regions of the protein despite initially seeming to cause changes in limited 
segments. The stronger coupling of motions between the two lobes at 400 K is also 
consistent with the observed motions of the N- and C-terminal lobes relative to each 
other, and this unique motion is made possible due to disruptions in contacts in the 
inter-lobe region at very high temperature, as shown in the contact loss network (Figure 
4.5c).  
 
4.4 Conclusions   
Analyses of the overall and local per-residue behaviour of apo-Lf indicate that the 
structure is most stable, exhibiting minimal variation, at below 90˚C.  At UHT 
conditions (127˚C), however, marked disruptions to protein structure were found as 
demonstrated by a substantial decrease in protein dimensions due to collapse in the 
inter-lobe region. There was a marked increase in residue fluctuations in several regions 
of known functional importance, such as antibacterial and iron-binding regions. A 
putative membrane binding region, stabilised by a triplet of hydrophobic residues which 
comprised of Leu446, Trp448 and Leu451 was also found.  A unique topology network 
analysis confirmed these results as demonstrated by large clusters of residues in the N-
terminal lobe. UHT conditions are therefore predicted to cause disruptions to multiple 
functional properties of apo-Lf. 
It is recognised that, despite structural changes predicted by simulations which occur at 
high temperature (relative to low temperature), it is possible that any structural thermal 
damage incurred by functional regions of the protein may be “repaired” by protein 
refolding upon cooling to room temperature, which is the eventual temperature that the 
protein will be exposed to as a potential component of food products. However, a large 
body of experimental evidence suggests that lactoferrin structure and function may be 
permanently altered after heat treatment. Further work is required to understand the 
molecular basis of this “thermal memory” effect. Nonetheless, such experimental 
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evidence lends support to our proposed use of simulations as a predictor of structural 
and functional consequences of thermal treatment.   
We have examined the changes in the overall protein folding, the motional fluctuations 
of the side-chain residues, secondary structure changes, intra-molecular energies, and 
other properties with respect to changes in temperature, and discussed the implications 
of these differences on the several functionally relevant regions on the protein, 
including a possible bacterial-binding region which we identified through sequence 
alignment. Examination of the latter region at high temperatures enables prediction of 
the possible effects of different thermal treatment conditions on the bacterial-binding 
capacity of the protein, and its potential to act as a bacterial encapsulator.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 114 
 
 
Chapter 5  
pH-Induced Structural Changes of 
apo-Lactoferrin and Implications 
for Its Function: A Molecular 
Dynamics Simulation Study 
 
Manuscript under review in Molecular Simulation, April 2018. 
 
5.1 Introduction  
Probiotics, specifically strains from the Lactobacillus and Bifidobacterium genus are 
gaining a lot of interest to the public and research field due to their ability to deliver 
health benefits to the hosts. These lactic acid bacteria are labelled as generally regarded 
as safe (GRAS) and have been used in the food industry mainly for fermentation. In 
order to gain any beneficial benefits from the bacteria, these bacteria must be viable and 
a minimum dosage of 10
6
 – 107 CFU/g is recommended.  
Bacterial surfaces are a complex network, composed of a peptidoglycan with covalent 
and non-covalent peptides, saccharides, teichoic acids and lipoteichoic acids matrix 
attached to the surface. It is difficult to fully understand how bacterial cells adhesive, 
which in this study involves the affinity between the milk protein lactoferrin and the cell 
wall surface of Gram-positive bacteria.  
The use of milk protein material as a protective source is also gaining a lot of interest, 
due to the ability to adjust the formation of gelation to bacteria, its commercial 
availability and nutritional importance [4, 5]. Lactoferrin (Lf) is a multifunctional 
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glycoprotein that belongs to the transferrin family, a family that is capable to deliver, 
transport and bind up to two irons in its structure. Due to it’s iron saturation 
characteristics, three forms of lactoferrin is available: (holo-Lf), when the structure 
contains two irons at 76-100 % iron saturation;  iron depleted (apo-Lf) classified as 
being less than 5 % iron saturated and native-Lf at 15-20 % iron saturated [176]. Other 
than its most studied characteristic towards iron, non-iron related characteristics have 
also been reported, such as antimicrobial, antibacterial, anti-inflammatory, antiviral and 
antiparasitic [51, 52]. Lactoferrin has also been reported to be a potentially effective 
protective encapsulant material for probiotic bacteria such as Lactobacillus plantarum, 
owing to its capacity to bind Gram positive bacterial surfaces, and the above-mentioned 
antibacterial properties which enable it to protect LAB against other microbial 
organisms. As such, Lf has potential applications as a component of novel health-
promoting dairy-based food products. 
 
The Lf structure consists of two homologous lobes (N-Lobe and C-Lobe) that contains 
two sub domains of N1 and N2, C1 and C2, respectively. The protein is part of the 
whey, present in different concentrations in milk (0.1-7.0 mg/mL) from a number of 
species of caprine, bovine, horses etc [186]. Lf is cationic at neutral pH with a pI of 8.0-
9.0 [17, 52, 57, 104, 107]. It is known the biological function of proteins is depended on 
its three-dimensional conformational protein structure where external changes in 
acidity, temperature, pressure etc. can affect its biological function. The understanding 
of the protein’s behaviour at its desired condition can better optimize it’s functional 
ability to its best.  
 
A number of external environmental factors are well known to affect protein function, 
including temperature, pressure, osmolality, and pH. Numerous studies have elucidated 
the effects of high temperature processing conditions on apo-Lf structure and function 
[104, 105, 106, 107, 108], and this was the subject of our previous study (unpublished). 
It has also been demonstrated that pH can influence the function of apo-Lf. Biological 
function of Lf consumption by human, especially during the gastrointestinal tract pH, is 
important to understand in order to provide implications for bacterial binding survival 
[51, 57, 104, 115, 116]. If it is incorporated as a probiotic encapsulant, it is expected 
that apo-Lf will likely be exposed to extreme acidic pH, such as the gastric environment 
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of the stomach, as part of its food product life cycle. It is expected that the functional 
properties of Lf (e.g. iron transporting, antibacterial and antioxidant activity) could be 
affected at gastric and intestinal stage of digestion. Since the functional domains of Lf 
(e.g. iron binding) are highly dependent on its unique 3D structural conformation, the 
gastrointestinal breakdown of Lf causes undesirable loss of its functional properties. 
Several studies have examined the influences of acidic pH on apo-Lf function [51, 57, 
104, 115, 116]. However, to date, the molecular mechanisms of pH-induced changes to 
apo-Lf are not well-characterised. Such an understanding is essential to its potential use 
as bacterial encapsulant material. 
 
In the present manuscript, we aim to investigate the behaviour of iron-free, simulated 
apo-Lf in an aqueous salt solution using in silico atomic scale MD simulations to 
examine the molecular-level behaviour of the protein under different extreme pH 
conditions. We employ classical molecular mechanics methods, which although 
precludes examination of pH-induced changes in covalent bonding, nevertheless enable 
us to unravel some of the changes in protein structure upon initial exposure to extreme 
pH environments involving differences in non-covalent interactions. In particular, we 
have examined the changes in the overall protein fold and several residue-specific 
measures of structural and dynamical properties with respect to changes in pH, and 
discussed the implications of these differences on several functionally relevant regions 
on the protein, including a possible bacterial-binding region which we identified 
through sequence alignment. Examination of the latter region at extremely acidic or 
basic pH enables prediction of the possible effects of different solvent environments on 
the bacterial-binding capacity of the protein, and its potential to act as a bacterial 
encapsulator. In particular, simulations at acidic pH potentially enable prediction of the 
structural viability of apo-lactoferrin to persist in its bacterial encapsulation role within 
the gastric environment of the stomach after human consumption.  
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5.2 Materials and Methods 
5.2.1 Protein Sequence Alignment 
Protein sequence alignment was used to identify possible regions on Lf that might bind 
to Gram-positive bacteria surfaces. Lf amino-acid sequence was aligned with Lysine M 
(LysM), a 44 residue sequence motif known to interact strongly with Gram-positive 
bacterial surfaces and previously shown to bind non-covalently to peptidoglycans by 
interacting with the N-acetylglucosamine moieties [126]. Sequence alignment was 
performed using the EMBOSS Needle Pairwise sequence alignment program which 
created an optimal global alignment of the two sequences using the Needleman-Wunsch 
algorithm [178]. The BLOSUM62 scoring matrix was employed, using a gap penalty of 
10 and a gap extend penalty of 0.5.  
 
5.2.2 Preparation of apo-Lf Structure 
The initial downloaded X-ray crystal structure of bovine lactoferrin contained two irons 
in its structure file (PDBID:1BLF) [180], and this was modified by manually removing 
the two Fe(III) ions, as well as all other non-protein components such as the bicarbonate 
ion, in order to reflect the biological conformation of an iron depleted apo-Lf. 
Simulations under three approximate pH conditions were performed: i) extreme acidic 
pH (nominally pH 1.0); ii) “baseline” neutral pH 7.0; and iii) extreme basic pH 
(nominally pH 14.0). The sidechains of titratable amino acids were protonated 
according to approximate pH environments as follows: for pH 1.0, all titratable 
sidechains are protonated; at pH 14.0, all titratable sidechains are deprotonated; and 
finally, for the “baseline” simulations at pH, all titratable sidechains (except His) are 
charged.  
 
We have estimated the pKa values of all titratable sidechains in the starting structure of 
apo-Lf using DelPhi [187, 188], as implemented in the DelPhiPKa server. The pKa 
calculations indicated that all titratable residues have pKa values ranging between pKa 
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= 1.9 and pKa = 13. Therefore, having all titratable residues protonated is a reasonable 
model of the lower end of possible gastric juice pH (which can be as low as pH 1.0), an 
environment to which apo-Lf can potentially be exposed. On the other hand, given the 
pKa range calculated, having all titratable residues deprotonated corresponds reasonably 
to pH = 14.0. Although apo-Lf is not expected to be exposed to such extreme basic pH 
conditions in the course of its potential use as a food product, simulations at high pH 
nevertheless enables elucidation of structural influences on the protein under atypical 
conditions to which it might be occasionally exposed in its application lifetime. 
Furthermore, the protonation state assumptions employed here enables more rapid 
“driving” of the simulations towards pH-induced unfolding, allowing unfolding 
mechanisms to become more readily studied in the relatively short timescale accessible 
to the present simulations. This protonation approach has been adopted in previous 
simulation studies [189, 190].  
 
5.2.3 Molecular Dynamics Simulations 
All molecular dynamics (MD) simulations were performed using the GROMACS 
simulation package version 4.6.5 [165] and the GROMOS 54A7 force field [179] All 
bonds in the protein were constrained using the LINCS algorithm [166], while bonds in 
water were constrained using the Settle algorithm [167]. Prior to the MD simulations 
the protein was placed in a rectangular box of size 16 x 16 x 8 nm
3
. Simple point charge 
(SPC) [139] water was used to fill this box, resulting in the addition of 37,781 water 
molecules. Additionally, sodium (Na
+
) and chloride (Cl
-
) ions were added to the box to 
maintain electrostatic neutrality as well as provide an ionic concentration of 150 mM. 
Each system was energy minimized over a maximum of 1000 steps using the steepest 
descent minimization algorithm. Equilibration simulations were performed at 310 K 
with non-hydrogen protein atoms positionally restrained for 100 ps under constant 
number, volume and temperature (NVT) conditions, and further equilibrated for 100 ps 
at constant number, pressure and temperature (NPT) conditions. The temperature was 
maintained using the Berendsen thermostat and barostat [191]was used to maintain the 
temperature at 310 K and pressure at 1 bar. Electrostatic interactions between non-
covalent atoms were computed using the Particle-Mesh Ewald (PME) summation [169, 
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170]. After equilibration, each system was subjected to 30 ns MD simulations under the 
three different pH conditions described, with coordinates saved every 5 ps. Each pH 
environment was simulated in triplicate with a different initial random seed. Unless 
otherwise noted, all results are presented based on averages taken over the three 
independent simulations for each pH. 
 
5.2.4 Simulation Trajectory Analyses 
The majority of the simulation analyses were carried out using the GROMACS analysis 
tools unless otherwise stated. The atom positional root-mean-square deviation (RMSD) 
was calculated using the GROMACS g_rms program on the modified apo-Lf’s initial 
and final positions to give a quantitative stability measure for a given simulation. The 
root mean square fluctuation (RMSF) was calculated using GROMACS g_rmsf to give 
a quantitative fluctuation measure of the mobility of the residues at a given simulation 
temperature. GROMACS g_sas solvent accessible surface area (SASA) was employed 
to measure the surface area of lactoferrin that was available for direct contact with the 
solvent. The radius of gyration, Rg, was also calculated to give a measure of the protein 
compactness and symmetry. The GROMACS program g_hbond was used to determine 
any change in the number of hydrogen bonds, and the g_energy code was used to 
calculate average intramolecular molecular mechanics energy values. An external 
visualisation tool, Visual Molecular Dynamics (VMD) [171] was used to highlight 
specific regions of interest and using the Tcl/Tk scripting tool to colour structures based 
on RMSF values. Secondary structures were calculated using STRIDE [173] as 
implemented in VMD to understand any thermally driven unfolding of the protein 
structure over time. 
 
5.2.5 Network Analyses  
Network analyses were performed to determine i) conformational clusters and 
transitions (conformational networks) during trajectories ii) loss of inter-residue 
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interactions; and iii) gain of inter-residue motional correlations at different pH 1.0 and 
14.0, relative to neutral pH 7.0. 
For conformational networks, each node corresponds to a frame in the simulated 
trajectory, and a connection between two nodes indicates that the two structures are 
similar (i.e. within a prescribed RMSD cut-off value). Conformational networks were 
calculated using the RMSD tool in Gromacs to firstly obtain a 2D matrix where each 
element (i, j) in the matrix corresponds to the RMSD between the backbone structure at 
time i and time j during the simulation. RMSD matrices were calculated for the 
trajectories at each simulated pH value. The RMSD matrices were converted to 
“adjacency matrices” using a Python script, where structures (nodes) with RMSD < 0.2 
nm were assumed to be similar (connected). The adjacency matrices were visualised as 
networks and analysed using the network analysis software Gephi version 9.0.1 [174]. 
Nodes in all of the networks calculated were clustered into highly inter-connected 
“communities” (or modules) according to the modularity and weighted degree of the 
nodes calculated using the algorithms implemented in Gephi. For conformational 
networks, a “community” can be interpreted as a conformational cluster, in which 
members within the cluster share structural similarities. 
For inter-residue contact loss networks for the “extreme pH” simulations: (pH 1.0 and 
14.0), each node corresponds to a single residue, and a connection between two nodes 
indicates that the two residues lose contact relative to the baseline pH 7.0 simulation. 
These networks reveal the regions of the protein most sensitive to extreme acidic or 
basic pH. Firstly, for each simulation, trajectory-averaged inter-residue distance 
matrices were calculated using the g_mdmat code implemented in GROMACS. The 
distance matrices were converted to adjacency matrices where residues (nodes) whose 
C-alpha atoms lie below 0.7 nm of each other are treated as connected. Contact distance 
loss matrices were then calculated by subtracting the pH 7.0 inter-residue adjacency 
matrix from that obtained for each of the pH 1.0 and pH 14.0 adjacency matrices. The 
adjacency matrices were then analysed using Gephi [174]. For contact difference 
networks, a “community” can be interpreted as a cluster of residues which lose contact 
with each other at acidic or basic pH relative to neutral pH. 
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For the inter-residue motional correlation gain networks each node corresponds to a 
single residue, and a connection between two nodes indicates that the two residues have 
an increase in dynamical correlation relative to the baseline pH 7.0 simulation. These 
networks reveal the regions of the protein that move in a more concerted manner (i.e. 
“move together”) at extreme acidic or basic pH conditions. Firstly, for each simulation, 
trajectory-averaged dynamic covariance matrices were calculated using the g_covar 
code implemented in GROMACS. The covariance matrices were converted to 
correlation matrices. Then correlation gain matrices were calculated by subtracting the 
pH 7.0 correlation matrix from those obtained for each of the pH 1.0 and pH 14.0 
correlation matrices. Subsequently, adjacency matrices were calculated by specifying 
that two nodes (residues) are connected if the increase in their correlation is > 0.5 
relative to pH 7.0. These correlation gain adjacency matrices were visualised and 
analysed using Gephi [174]. 
 
5.3 Results and Discussion 
5.3.1 Identification of Possible Bacterial 
Surface Binding Region  
The results in this section are also described in Chapter 4, but are repeated here to 
facilitate convenient reference when discussing the effects of extreme pH on the 
proposed bacterial surface binding region of apo-Lf. Figure 5.1 shows the location of 
bacterial cell wall binding region in lactoferrin and revealed the possible membrane-
binding areas in lactoferrin to be located in one near-continuous single-strand peptide 
which has two β-pleated sheets connected by coils as its secondary structure. The 
sequence, indicated in red in Figure 5.1a, shows the lactoferrin to have 36 residues (82 
%) that shared the same characteristics, beginning at His420 to Ser421 and continuing 
from Leu427 to Ala460. These 36 residues, contain 5/36 lysines, 4/36 leucines and 
alanines, 3/36 serines, valines and threonines, 2/36 histidines, glutamic acids, glycines, 
asparagines, and 1/36 arginine, proline, tyrosine, tryptophan, aspartic 
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(a) Blank = Mismatch/Gap “.” = Similar “:” = Very similar  “|” = Identical 
     
 
 
(d)  
Figure 5.1 (a) Protein sequence alignment of a known bacterial membrane binding domain, 
LysM. (b) Side-on view, revealing the most electropositive region (red), the bacterial binding 
site, in the C-Lobe, with the most electronegative region, (yellow), which houses several 
sequences from which antibacterial peptides have been derived, on the opposite side, in the N-
Lobe of lactoferrin. (c) End-on view with electropositive region His420-Ser421 and Leu427-
Ala460 highlighted as a separate sequence. (d) Surface representation of Lf with basic (blue) 
and acidic (red) residues coloured, indicating that at pH 7.0 the N-lobe surface is predominantly 
positive, while a mixture of positive and negative charges exist on the C-lobe surface. 
 
N-Lobe                                                      C-Lobe 
 
 
 
 
 
(b)                                                                                        (c) 
Leu427 
Ala460 
His420 
Ser421 
Electronegative 
region 
Proposed Bacterial 
attachment region  
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acid and cysteine. These residues gave the bacterial binding regions in Lf a total pI of 
9.43, an overall charge of 4+ and overall hydrophobicity of 5 (from a total of 13 
hydrophobic residues and 8 hydrophillic residues). Further inspection revealed the area 
to be skewed to one side of the protein, in the C-lobe (Figures 5.1b & 5.1c). A surface 
representation of Lf with basic (blue) and acidic (red) residues is shown in Figure 1d, 
indicating that at pH 7.0 the N-lobe surface is predominantly positive, while a mixture 
of positive and negative charges exist on the C-lobe surface. 
 
5.3.1 Conformational Networks: 
Qualitative Analyses of Tertiary 
Structure 
To obtain an initial impression of the overall structure and dynamics of the protein 
under different pH conditions, we firstly examine the conformational networks and, 
from that, the most highly-populated structures of the protein. Conformational networks 
enable visualisation of the number of distinct structures which arise during the 
simulations, as well as the dynamical relationships between them. 
At pH 7.0 (Figure 5.2a), only three  major, and one relatively minor, conformational 
clusters are identified (with nodes- structures- within each cluster being no more than 
0.2 nm RMSD difference with its connected neighbours). All of the clusters share 
similar network characteristics, with most of the nodes being highly inter-connected. 
Additionally, three of the clusters (purple, orange and green) are highly inter-connected 
with each other, suggesting possible frequent transitions between these two 
conformations, while the fourth (blue) is more structurally distinct and is only 
connected to one other cluster, that of the orange. The overall fold of the protein is 
similar to the starting structure, with the main differences being in the flexible loop 
regions. The small number of clusters, the close interconnectivity between the clusters, 
and the high degree of connectivity between the nodes, all suggests that at pH 7.0, the 
protein structure undergoes little change during the course of the simulations. Visual  
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Conformation Network, pH 7.0 
(a)  
Conformation Network, pH 1.0 
(b)   
Conformation Network, pH 14.0 
(c)   
Figure 5.2 Conformational networks (left) and most highly-populated structures of Lf (right) 
for simulations at (a) pH 7.0, (b) pH 1.0 and (c) pH 14.0. Networks are colour coded according 
to communities (conformational clusters) identified. Node sizes are proportion to the degree of 
the node (i.e. number of connections). Three conformational clusters are identified for pH 7.0, 
indicating relatively rigid structure, whereas many more distinct clusters are identified under 
extreme pH conditions. 
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inspection of the general structure (right hand insert in Figure 5.2a) confirms that the 
simulated structure is similar to that of the initial. 
Under extreme pH conditions, more clusters are identified, indicative of substantial 
structural changes during the simulations. At pH 1.0, nine clusters are present, most of 
which are generally loosely-connected with each other, indicating little structural 
similarity between them. However, one exceptional cluster (coloured purple in Figure 
5.2b) is closely connected with four others (red, orange, black and cyan). Such 
connectivity between the purple cluster and its neighbouring clusters suggests that the 
structures they represent are relatively similar, and that frequent transitions between 
these conformations might be possible. The remaining three clusters (coloured green, 
blue and light brown) are not strongly inter-connected, but instead, are connected in 
series, indicative of a possible sequence of continuous structural transitions from one 
dominant conformation to another during the course of the trajectories. Most of the 
nodes also show a high number of connections with other nodes within the same cluster 
(shown as relatively large node sizes in Figure 5.2b), suggesting a high degree of 
similarity between these structures. This indicates that each conformational cluster 
consists of members that are highly similar to each other, but distinct from those of 
other clusters, suggesting that the conformational landscape explored by the protein 
consists of several distinct local energy minima. Visual inspection of the general 
structure (right hand insert in Figure 5.2b) suggests that while the secondary structural 
elements are largely maintained, the protein becomes marginally less tightly packed at 
pH 1.0 compared to at pH 7.0.  
At pH 14.0, six clusters are identified, most of which are loosely inter-connected, with 
the exception of the dark green cluster (Figure 5.2c), which is connected to two others 
(light green and orange). The dark green, orange and the (relatively isolated) light blue 
clusters also contain highly connected nodes, indicating a high degree of similarity 
between the structures within each of these clusters, suggesting that these three clusters 
correspond to distinct local energy minima. The remaining clusters (purple, green and 
light green) contain nodes with low numbers of connections (indicated by relatively 
small node sizes in Figure 5.2c), suggesting that many of the structures within these 
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clusters are not similar. The existence of a large number of conformational clusters 
(compared to pH 7.0), and the low number of connections within the nodes of several of 
these clusters, together suggest a greater degree of structural diversity and flexibility at 
pH 14.0 relative to pH 7.0. Furthermore, visual inspection of the overall structure (right 
hand insert in Figure 5.2c) suggests that while the secondary structural elements are 
largely maintained, the protein becomes much more loosely-packed compared to both 
pH 7.0 and pH 1.0, with the two lobes becoming separated from each other (discussed 
further in sections below).  
Taken together, conformational network analyses suggest that at pH 7.0, the structure is 
relatively stable, with only three major and one minor conformational clusters 
identified, each of which consist of structures which are highly similar to each other. At 
pH 1.0, more conformational clusters are identified, most of which also consist of 
highly similar structures, indicative of the existence of a few distinct dominant 
conformations. Finally, at pH 14.0, several clusters are also identified. However, most 
of the clusters consist of structures which are relatively dissimilar, suggesting that while 
several distinct conformations also exist at pH 14.0, there is also a greater range of 
different structures within each of these conformational groups. Thus, apo-Lf is 
relatively rigid at pH 7.0; more flexible at pH 1.0, and is more flexible still at pH 14.0. 
  
5.3.2 Root-mean-square Deviation and 
Radius of Gyration: Quantitative 
Analyses of Tertiary Structure 
The tertiary structure changes of apo-Lf with respect to time may be quantified by 
examining its RMSD, which shows its overall deviation and structural drift with respect 
to its initial conformation (at time = 0 ns), and its radius of gyration (Rg), which 
quantifies the changes in its dimensions, with respect to time. RMSD analyses on the 
backbone atoms of the lactoferrin protein provide information on the conformational 
stability of the protein with respect to pH. The plots of RMSD versus time at the three 
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different pH values are presented in Figure 5.3a, and the plot for each pH was taken as 
an average over three independent simulations. As expected, at all pH values, the 
RMSD values were identically zero at the beginning, as the starting structures for all 
simulations are identical. Subsequently, within less than 1 ns, clear differences emerge 
between the RMSD curves at different pH values. At pH 7.0, the RMSD is lowest, and 
plateaus by ~6 ns, fluctuating around an average RMSD value of ~0.5 nm. This is 
consistent with the conformational cluster network representation, (Figure 5.2a), which 
shows that the structure is relatively stable within the simulation timeframe at neutral 
pH. Much more marked structural deviations are observed at pH 1.0 and pH 14.0. But 
of these extreme pH values exhibit similar RMSD curves up to ~1 ns. However, at pH 
1.0, the RMSD value plateaus by 10 ns at a value of ~ 1.3 nm, while far greater 
structural changes are observed for pH 14.0, for which the RMSD value reaches a value 
of ~2 nm. Both of these curves are consistent with the structural changes indicated by 
their respective network representations (Figures 5.2b and 5.2c), in which both of the 
extreme pH values produced far more number of conformational clusters than at neutral 
pH; while at pH 14.0, there are far fewer well-connected nodes than at pH 1.0, 
indicating higher structural flexibility at basic compared to acidic pH.  
The radius of gyration (Rg) measures the spatial spread of the protein’s mass, providing 
information on its overall compactness, conformation and unfolding as the Rg changes 
over the time interval studied. Measurements of the motion of the protein’s Cα atoms 
versus time, provides knowledge on the protein denaturation stages, indicating where 
control of the external environment of the protein is needed for improved preservation 
during processing. Using the radius of gyration (Rg) method on the trajectory files 
(Figure 5.3b) revealed that on average, at pH 7.0, the protein has a similar Rg to the 
initial structure (~3.0 nm), suggesting very little tertiary structural change at neutral pH 
within the timescale of the simulation. In contrast, both pH 1.0 and pH 14.0 produced 
substantial increases in the value of Rg, reaching a value of almost 3.2 nm, indicating 
that apo-Lf becomes much less compact compared to the starting structure. There is also 
much greater variation in the value of Rg at both pH 1.0 and pH 14.0, with values 
ranging between 2.9 nm to 3.3 nm throughout the trajectories, compared to at pH 7.0, 
for which Rg is much more uniform over the entire simulation time period, ranging 
between only 2.9 – 3.0 nm. The higher extent of variation, combined with visual 
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(a)  
Radius of Gyration 
(b)  
(c) (d)  
 pH 1.0  pH 7.0 
Control  
 pH 14.0 
 
Figure 5.3 Structural analysis of the MD simulation results. (a) Backbone RMSD of lactoferrin 
for acidic pH: pH 1.0 (blue), basic pH:pH 14.0 (red) and control:pH 7.0 (purple) and (b) radius 
of gyration (Rg) with respect to time, averaged over 3 independent trajectories. Rg indicates that 
compactness was lost at pH 1.0 and pH 14.0. (c) Ribbon structures of Lf simulated at pH 7.0 
(purple) with the N-terminal lobe fitted and overlayed onto that of pH 1.0 (blue) and (d) onto 
pH 14.0 (red), indicating substantial twist and detachment of C-lobe relative to the N-lobe. This 
motion is particularly obvious at pH 14.0 (red), consistent with the much higher RMSD value. 
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inspection of the trajectories, indicates that pH 1.0 and pH 14.0 induce substantial 
“breathing” motions of the N- and C-terminal lobes relative to each other, with a hinge 
point between them, such that the two lobes appear to be partially detached from each 
other, loosely connected by the inter-lobe region. This type of motion can be visualised 
by overlaying the N-terminal lobe of the pH 7.0 structure with that of the pH 1.0 
structure (Figure 5.2c), as well as with that of the pH 14.0 structure (Figure 5.2d). 
Alignment of the N-terminal lobe of the neutral and basic/acidic apo-Lf structures 
accentuates the relative motion of the lobes, and it can be seen that the C-lobe is 
separated from the N-lobe and undergoes a partial twisting motion. While this relative 
“detach-and-twist” motion is present for both extreme pH conditions, this effect is much 
more substantial at pH 14.0 (Figure 5.2d). It is likely that extreme pH conditions cause 
disruptions in the contacts between the two lobes, enabling them to move more freely 
relative to each other, resulting in oscillatory motions which are reflected in the semi-
periodic behaviour in the radius of gyration time series plots. Effects of extreme pH on 
internal contacts within apo-Lf are discussed in the subsequent sections. 
 
5.3.3 Overall Secondary Structure, 
Internal Energy, and Hydrogen 
Bonds 
The total secondary structure content averaged over the trajectories at each pH value is 
given in Table 5.1. At the baseline pH 7.0, α-helices comprise 31.49 % of all residues, 
while β-strands comprise 17.76 %. These values are consistent with known 
experimental values [17]. At pH 1.0, despite greater flexibility as shown by 
conformational network analysis, there is actually marginally higher helical (31.64 %) 
and beta-stranded (17.81 %) content. In contrast, at pH 14.0, there is both slightly less 
helical (30.34 %) and beta-stranded (17.41 %) content. Therefore, acidic conditions tend 
to increase the flexibility of the protein while retaining (or even enhancing) secondary 
 130 
 
 
structure, whereas basic conditions cause a loss of secondary structure, compared to pH 
7.0. Thus, the enhanced RMSD, Rg and greater diversity of conformations at extreme 
pH values is due largely to changes in tertiary structure, especially relative movement of 
the two lobes, while only insubstantial amounts of unfolding of secondary structural 
elements occurs.   
Table 5.1 Percentage of secondary structures of simulated apo-lactoferrin at target pH 
values.  
Sample 
% 
α-helices β-pleated-Sheets Turns Coils 
Acidic pH 1.0 31.64 17.81 32.40 16.21 
Control pH 7.0 31.49 17.76 33.95 14.36 
Basic pH 14.0 30.34 17.41 34.07 16.17 
 
Intra-molecular energies also indicate the extent of internal contacts made under various 
pH conditions, and may be related to the “tightness” of the interactions under different 
pH conditions. The intra-molecular interaction energies for the three pH simulations are 
shown in Table 5.2, and are decomposed into contributions from Coulombic 
(electrostatic) and Lennard-Jones interactions. The Lennard-Jones interaction energies 
for pH 1.0 and pH 7.0 are similar (-17.81/2 kJ/mol), consistent with the similar 
secondary structure content under these two conditions (Table 5.2). At pH 14.0, the 
Lennard-Jones energy is marginally higher (-17.59 kJ/mol), indicative of reduced 
number and extent of intra-molecular contacts. This result is also consistent with the 
lower secondary structure content compared to pH 7.0 and pH 1.0 (Table 5.2), as well 
as the observation that the protein is more loosely packed at basic pH, as discussed 
above. There is far more substantial differences in the Coulombic energies, however, 
with both pH 1.0 and pH 14.0 exhibiting markedly higher Coulombic energies (-86.69 
and -90.08 kJ/mol respectively) than at pH 7.0 (-104.68 kJ/mol). This is not surprising, 
given that all salt bridge interactions which contribute to electrostatic interactions at pH 
7.0 between titratable residues are eliminated as a result of protonation of Asp and Glu 
at pH 1.0, or deprotonation of Lys, Arg and His at pH 14.0.   
 
 
 131 
 
 
 
Table 5.2 pH-Dependent intra-molecular energies of apo-lactoferrin 
Sample 
MJ/mol 
Total MJ/mol Coul-SR:Protein-
Protein 
LJ-SR:Protein-
Protein 
Acidic pH 1.0 -86.89 ± 0.09 -17.82 ± 0.03 -104.71 ± 0.12 
Control pH 7.0 -104.68 ± 0.13 -17.81 ± 0.04 -122.49 ± 0.17 
Basic pH 14.0 -90.08 ± 0.08 -17.59 ± 0.01 -107.67 ± 0.09 
  Difference 2.96 ± 1.02 
 
Table 5.3 details the number of hydrogen bond interactions present in the protein, where 
it can been seen that an acidic pH leads to a substantial reduction in internal hydrogen 
bonding by about 16 % relative to pH 7.0. This trend is consistent with the RMSD, 
radius of gyration and secondary structure analyses above, in which acidic pH is seen to 
induce marked deviations from the starting structure, and part of this involves loss of 
internal hydrogen bonding interactions. Unexpectedly, however, at pH 14.0, there is an 
increase in the number of internal hydrogen bonds relative to neutral pH, by 
approximately 2.6 %, despite the higher Rg value at this pH compared to pH 7.0. This 
suggests that the larger dimension of apo-Lf at pH 14.0 is mainly due to increase in 
separation of the two lobes (as shown in Figure 5.3d), which likely involves loss of 
hydrogen bonds between the lobes; however, this might be compensated for by increase 
in number of hydrogen bonds within each lobe, resulting in an overall marginal increase 
in total number of internal hydrogen bonds within apo-Lf at basic compared to neutral 
pH.   
Table 5.3 Hydrogen bonding analyses of simulated apo-lactoferrin relating to 
denaturation. 
Sample 
Number of Hydrogen 
Bonds 
Acidic pH 1.0 437.9 ± 11.3 
Control pH 7.0 523.5 ± 12.2 
Basic pH 14.0 537.1 ± 12.8 
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5.3.4 Residue-Level Differences: Root-
mean-square Fluctuations and 
Solvent-Accessible Surface Areas 
The above analyses described overall protein properties with respect to pH, and showed 
that basic pH tends to cause greater structural changes than acidic pH. In order to gain 
more insight into the specific regions where the most changes occur, we examine the 
changes in root-mean-square fluctuation (RMSF) and solvent-accessible-surface areas 
for each residue in the protein at different pH values. Since different regions on the 
protein play various specific roles in its biological function, by examining residue-level 
specific changes with respect to pH, it may be possible to infer the functional 
consequences on apo-Lf under different pH conditions. (In this section, “absolute” 
properties with respect to each residue will be discussed, while subsequent sections will 
focus on inter-residue interactions and connections.) Root mean square fluctuation 
(RMSF) is a measure of flexibility of the backbone chain per residue, calculated by 
taking into account the fluctuation of the protein with respect to its average structure. 
The RMSF graphs shown in Figure 5.4a indicate the regions of highest flexibility at pH 
7.0, as well as the influences of basic and acidic pH on different regions of the protein. 
At pH 7.0 (purple curve), a large number of peaks are present in both N- and C-terminal 
lobes, with the most flexible residues including those in between residues Ala1 to 
Gln200 in the N-lobe, and a cluster of residues between Val410-Ser450 (which includes 
the predicted bacterial surface binding region) as well as ~Lys620 in the C-lobe. The 
least flexible region is around residues Val250-Phe300, corresponding to the inter-lobe 
region which has a higher rigidity and likely contributes to the stability of the protein by 
acting as a central hinge about which relative motions between the lobes may occur. 
This region is also the most stable one at pH 1.0 and pH 14.0, indicating that this area 
may serve as a relatively stable hinge region regardless of pH conditions.  
Both acidic and basic pH cause a substantial increase in the RMSF values of all residues 
compared to neutral pH (red and blue curves in Figure 5.4a), consistent with the higher 
structural changes induced by extreme pH conditions demonstrated by all analyses of 
overall protein stability discussed in the above sections. However, specific regions of  
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Figure 5.4 (a) Root-Mean-Square-Fluctuation (RMSF) in the Cα of the position of lactoferrin 
backbone versus residue. Highest fluctuation occurred in the N-Lobe for pH 1.0 and the C-Lobe 
in pH 14.0. Differences in solvent accessible surface area (SASA) with respect to residue 
number for (b) pH 1.0 and (c) for pH 14.0, calculated relative to the SASA for pH 7.0. (d) 
Ribbon structure of Lf with areas of high relative fluctuation at pH 1.0 (blue ribbons) and at pH 
14.0 (red ribbons), emphasising the different regions of enhanced flexibility for acidic compared 
to basic pH conditions. 
N-Lobe                                                              C-Lobe 
Δ 
Δ 
Δ 
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the protein are affected differently by acidic or basic pH conditions. These residues tend 
to fall into several distinct sections and appear to be different sections depending on the 
pH values. Acidic pH (blue curve) induces greater flexibility in the N-terminal lobe 
comprised of residues Ala1-Phe300 compared to pH 7.0, and the most flexible regions 
are indicated by peaks at residues Ala31 and Pro32, Glu43 and Pro144. The areas of 
highest flexibility at pH 1.0 are highlighted in blue in the ribbon representation of apo-
Lf shown in Figure 4d, and it can be seen that these regions comprise mainly of loops, 
although short alpha-helical segments as well as part of a beta-strand also have high 
flexibility. On the other hand, basic pH induces greater flexibility in the C-terminal lobe 
between residues Tyr400-Cys684, with residues of highest flexibility being Ser417 to 
Val426, which comprise the predicted bacterial membrane binding region; as well as the 
C-terminal residues Leu680 to Cys684. The areas of highest flexibility at pH 14.0 are 
highlighted in red in the ribbon representation in Figure 5.4d, and indicates that most of 
the residues with highest flexibility lie in loop regions, with the exception of residues 
Glu334-Arg344, which comprise a short inter-lobe helix.  
Given that both acidic and basic pH greatly enhances the flexibility of all regions of 
apo-Lf, it is expected that all of the functional properties of the protein will be affected 
by extreme pH to some degree. There might, however, be some differences in the extent 
to which these properties are influenced depending on pH. Since most of the known 
antibacterial peptides are derived from the N-terminal segment of the protein, the 
present RMSF results suggest that acidic pH, which enhances flexibility in the N-
terminal lobe, may have more disruptive influences on the antibacterial properties of 
apo-Lf. In contrast, basic pH greatly increases the flexibility of the C-terminal segment 
of the protein, especially residues Ser417-Val426 which contain the putative bacterial 
membrane binding region. Thus, basic pH might greatly disrupt the membrane binding 
capacity of this protein, with attendant adverse consequences for its potential function 
as a probiotic encapsulator. 
To further probe the changes in apo-Lf structure at the residue-level, the solvent-
accessible-surface areas (SASA) of each residue was calculated at both pH extreme 
conditions, relative to pH 7.0. This function was used to estimate the solvent accessible 
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area on the iron-free lactoferrin that is available for direct contact with solvents. The 
lactoferrin protein surface was traced for van der Waals forces by using the radius of a 
water molecule, 1.4 Å, as reference. The SASA difference plots for pH 1.0 and pH 14.0 
are shown in Figures 5.4b and 5.4c respectively, both taken relative to pH 7.0. Both 
extreme pH conditions generally result in greater solvent exposure for most of the 
residues, and this is consistent with the increased radius of gyration that these 
conditions cause relative to neutral pH, which indicates reduction in the packing of the 
protein. However, there are some differences in the change in solvent exposure at 
specific regions of the protein which depends on pH.  
At pH 1.0 (Figure 5.4b), most of the residues show higher solvent-exposure compared 
to pH 7.0, with residues Arg186 and His420 showing the greatest increases. Residue 
Arg186 is in the vicinity of one of the residues comprising the iron-binding site 
(Tyr192), and its higher solvent exposure may indicate some influence of acidic pH on 
the ability of apo-Lf to bind iron. Residue His420 lies in the proposed bacterial 
membrane binding region, and its greater solvent exposure may, likewise, be linked to 
some influence of acidic pH on the ability of the protein to interact with bacterial 
surfaces. At pH 14.0 (Figure 5.4c), most of the residues also show higher solvent 
exposure relative to neutral pH. The residue of greatest increased solvent exposure is 
residue Leu318, which lies near the inter-lobe helix. This is consistent with the higher 
degree of detachment between the N- and C-lobes at pH 14.0, and the consequently 
higher extent of bending and twisting motion of the two lobes relative to each other at 
basic pH, as discussed above (see Figure 5.3d). However, it is interesting to note that 
residues Arg25 and Lys52 in the N-terminal lobe show substantially reduced solvent 
exposure relative to pH 7.0 (Figure 5.4c). As noted previously, these residues lie within 
regions of apo-Lf with known antibacterial function. A greater degree of shielding of 
these residues after exposure to basic pH may have consequences for their capacity to 
serve their bacteriostatic role.  
Thus, overall, acidic pH induces greater flexibility at the N-terminal lobe as well as 
greater solvent exposure of part of the iron-binding site; while in contrast, basic pH 
induces greater flexibility at the C-terminal lobe, but causes a reduction in the solvent 
exposure of the first ~Ala50-Asp60 residues of the N-terminus.  
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5.3.5 Inter-residue Contact Loss Networks  
The above sections detailed fluctuations, surface areas and other properties with respect 
to each residue. In the following sections, the focus is on changes in the interactions 
between residues with respect to pH conditions.  
Inter-residue contact loss networks show residues that lose contact with each other at 
the extreme values of pH 1.0 and pH 14.0, relative to the structure obtained at the 
baseline condition of pH 7.0. This enables identification of regions that are particularly 
sensitive to extreme pH, as well as proposing the potential effects on functional 
properties of Lf under different pH conditions.  
At pH 1.0 (Figure 5.5a), two main clusters of residues lose the most contact relative to 
pH 7.0, and these are centred at residues Pro293 (green) and Pro188 (purple). By 
referring to the protein structure (right hand inset in Figure 5a), it can be seen that these 
two clusters of residues lie in disordered loop regions on the “top” surface of the N-
terminal lobe. These residues are particular sensitive to acidic pH, and as they 
correspond to regions whose derivative peptides exhibits known antibacterial properties 
[11, 17], this result suggests that acidic pH can potentially have adverse effects on the 
bacteriostatic properties of Lf. It is noted that Asp297 lies within the green cluster; it is 
negatively charged at pH 7.0, but uncharged at pH 1.0. Protonation of this residue likely 
played an important role in disrupting the contacts in this region.  
A second cluster of residues centred at Cys625 (red) and Pro429 (grey) lie in the loop 
regions scattered throughout the lower half of the C-terminal lobe; however, the 
connections between the nodes in these latter clusters are not as numerous as that in the 
N-lobe (i.e. smaller node sizes), indicating less amount of contact loss in the C-terminus 
compared to the N-terminus. None of the residues in the inter-lobe region lose 
substantial amounts of contacts. 
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(a) Contact Loss Network, pH 1.0 minus pH 7.0 
 
(b) Contact Loss Network, pH 14.0 minus pH 7.0 
 
 
Starting Structure at pH 7.0      
 
(c)  
 
 
 
 
 
 
 
 
 
 
 
Trp 448 
Leu 446 
Leu 451 
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Last Structure at pH 1.0 Last Structure at pH 14.0 
 
(d)  (e)  
                                           
Figure 5.5 Residue contact loss networks (left) and ribbon structures of Lf (right) with residues 
of interest shown as large spheres and colour coded, for (a) pH 1.0 and (b) pH 14.0. The 
networks show residues which lose contact with its neighbours relative to pH 7.0. Networks are 
colour coded according to communities (residues) which collectively lose contacts under 
extreme pH conditions. Node sizes are proportion to the degree of the node (i.e. number of 
connections lost). At pH 1.0, most of the contacts lost occur at the edges of the N-lobe, while at 
pH 14.0, more contacts are lost at the C-lobe and in the inter-lobe regions. Influence of pH on 
the identified bacterial binding region in apo-lactoferrin. Comparison of it’s starting structure 
and final structure after acidic exposure with emphasis on monitoring of Leu446, Trp448 and 
Leu451 in: (c) Starting position structure at pH 7.0 (Control) (d) final structure at pH 1.0 and (e) 
final structure at pH 14.0.   
 
At pH 14.0 (Figure 5.5b), the main cluster of residues which lose the most number of 
contacts (relative to pH 7.0) is centred at residues Ser556 and Ser634 (green nodes). 
These lie in the C-terminal lobe (right hand insert of Figure 5.5b). A cluster of Arg 
residues (Arg357, Arg514 and Arg633) in this region becomes neutral at pH 14.0, 
leading to loss of salt bridge interactions and resultant disruption in inter-residue 
contacts in the C-lobe overall. A smaller cluster of residues in the top surface of the N-
terminal lobe, centred at residue Pro293 (purple nodes), also lose contacts. Most 
interestingly, many residues in the region between the N- and C-terminal lobes lose 
significant amount of contacts relative to pH 7.0. These are centred at residues Val382 
(orange) and Glu682/Ala685 (blue), which all lie within the inter-lobe region (right 
hand insert, Figure 5.5b). Particularly important is the orange cluster, which actually 
spans the two lobes, and directly indicates loss of contact between the two lobes. 
Arg309 lies in this inter-lobe region (orange cluster), and is positively charged at pH 
7.0, while it is neutral at pH 14.0, leading to a loss of the salt-bridge formed with 
Trp 448 
Leu 446 
Leu 451 
Trp 448 
Leu 446 
Leu 451 
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Glu682 (blue cluster). The loss of this salt bridge likely plays a role in disrupting the 
contacts between the two lobes.  
Overall, at pH 1.0, the most loss of contacts occurs in the N-terminal lobe. In contrast, 
at pH 14.0, the most loss of contacts occurs in the C-terminal lobe. Additionally, at pH 
14.0, contacts are also lost between residues spanning both lobes in the inter-lobe 
region. These results suggest that basic pH is likely to have a more disruptive influence 
on the C-terminal lobe, which contains the predicted bacterial surface binding region 
(although neither pH causes significant loss of contacts directly at the predicted 
membrane binding region). Furthermore, basic pH appears to disrupt communications 
between the two lobes, which may have important consequences for the biological 
functions of Lf.  
In a previous study of high temperature effects on apo-Lf (unpublished), it was 
proposed that a triplet of hydrophobic residues comprising Leu446, Trp448 and Leu451 
play an important role in establishing and maintaining the structural integrity of the 
proposed bacterial membrane surface binding region of apo-Lf, and that this triplet is 
disrupted at high (UHT) temperature. Here, we examine the contacts between these 
residues at neutral, basic and acidic pH. Comparison of its starting structure and final 
structure after acidic exposure with emphasis on monitoring of Leu446, Trp448 and 
Leu451 shows there was elongation depended on the pH. At pH 7.0, the starting 
structure captured a distance of 4.48 Å between residue Leu446 and Leu451 (Figure 
5.5c), but upon the 30 ns timeframe at pH 1.0, the distance increased to 11.26 Å (Figure 
5.5d). A slightly different scenario occurred for pH 14.0, distance increase also occurred 
but it is more minor, from 4.48 Å to 5.45 Å (Figure 5.5e).  The results shows that both  
extreme pH conditions disrupts the interactions between this triplet of hydrophobic 
residues, but an acidic environment causing greater effect to the identified bacterial 
binding region compared to alkaline conditions. This is consistent with the contact loss 
network representations; at pH 14.0, although greater disruption occurs in the C-
terminal lobe, the actual region of the proposed membrane binding site does not 
substantially lose inter-residue contacts (around residue Ser450), while at pH 1.0, one of 
the greatest losses of inter-residue contacts occur at residue Pro429 (within the grey 
cluster, Figure 5.5a), which is close to the proposed membrane binding site. The present 
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results, together with results from high-temperature simulations (unpublished), lend 
support to the notion that this “hydrophobic triad” is involved in determining the 
structure of the membrane binding region, and experimental work examining the 
influences of mutating these residues (eg. to polar residues) on apo-Lf structure and 
function is worthwhile pursuing in future studies. 
 
5.3.6 Inter-residue Correlation Gain 
Networks  
Extreme pH conditions are proposed to lead to loss of inter-residue contacts, with the N-
terminal lobe particularly vulnerable to disintegration at acidic pH, while the C-terminal 
lobe is most vulnerable at basic pH, as proposed in the above section. Extreme pH 
conditions are also expected to affect the correlation of the motions between residues 
throughout the protein. Examination of the loss in inter-residue correlation indicates that 
many of the residues which loss contact with each other at extreme pH values also show 
a reduction in their motional correlation, as is reasonable to expect (not shown). 
However, many regions of the protein also show an increase in motional correlation 
between its residues (i.e. these residues “move together” more) at extreme pH 
conditions compared to neutral pH.   
At pH 1.0 (Figure 5.6a), two main clusters of residues show increased motional 
correlation relative to pH 7.0, centred at residues Lys637 and Thr58 (purple), and at 
residue Thr327 (green). The purple cluster lie in both N- and C-teminal lobes, indicating 
an increased amount of motional correlation between the two lobes compared to at pH 
7.0. Additional clusters of residues centred at Cys625 (blue) and Asp179 (orange) also 
show increased correlation with each other, and both of these are primarily located in 
the N-terminal lobe. Thus, acidic pH seems to promote increased motional correlation 
between residues in the N-terminal lobe, while also promoting some degree of inter-
lobe concerted motion. 
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 (a) Correlation Gain network, pH 1.0 minus pH 7.0 
 
(b) Correlation Gain network, pH 14.0 minus pH 7.0 
 
Figure 5.6 Residue motional correlation gain networks (left) and ribbon structures of Lf (right) 
with residues of interest shown as large spheres and colour coded, for (a) pH 1.0 and (b) pH 
14.0. The networks show residues which collectively have increased correlated motion at 
extreme pH conditions relative to pH 7. Networks are colour coded according to communities 
(residues) which collectively show increased correlation under extreme pH conditions. Node 
sizes are proportion to the degree of the node (i.e. number of residues with which a particular 
residue has increased correlation). At pH 1.0, most of the correlation increases occur at the N-
lobe, while at pH 14.0, much more inter-lobe correlations are produced, with more residues 
involved at the C-lobe. 
 
At pH 14.0 (Figure 5.6b), three large clusters of residues show increased motional 
correlation relative to pH 7.0. These are centred at residues Ser141 (purple), Tyr324 
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(blue), and Thr645 (orange). All three large clusters have residues that span both N- and 
C-terminal lobes, indicating that at pH 14.0, there is significant increase in concerted 
motion between both lobes, more so than at pH 1.0. The highest extent of increased 
motional correlation takes place between residues in the C-terminal lobe (Figure 5.6b, 
right hand insert). At pH 1.0 (Figure 5.6a), two main clusters of residues show increased 
motional correlation relative to pH 7.0, centred at residues Lys637 and Thr58 (purple), 
and at residue Thr327 (green). The purple cluster lie in both N- and C-teminal lobes, 
indicating an increased amount of motional correlation between the two lobes compared 
to at pH 7.0. Additional clusters of residues centred at Cys625 (blue) and Asp179 
(orange) also show increased correlation with each other, and both of these are primarily 
located in the N-terminal lobe. Thus, acidic pH seems to promote increased motional 
correlation between residues in the N-terminal lobe, while also promoting some degree 
of inter-lobe concerted motion. 
At pH 14.0 (Figure 5.6b), three large clusters of residues show increased motional 
correlation relative to pH 7.0. These are centred at residues Ser141 (purple), Tyr324 
(blue), and Thr645 (orange). All three large clusters have residues that span both N- and 
C-terminal lobes, indicating that at pH 14.0, there is significant increase in concerted 
motion between both lobes, more so than at pH 1.0. The highest extent of increased 
motional correlation takes place between residues in the C-terminal lobe (Figure 6b, 
right hand insert).  
Overall, extreme pH conditions promote an increase in correlated motions between the 
two lobes, with a more marked extent occurring at pH 14.0. Acidic pH promotes 
correlations mainly in the N-terminal lobe, while on the other hand; basic pH promotes 
correlations in the C-terminal lobe. Taking into consideration similar patterns in the 
contact loss networks at the two extreme pH values discussed in the previous section, it 
can be seen that acidic pH generally perturbs the N-lobe (disrupting contacts while at 
the same time increasing motional correlation), while in contrast, basic pH perturbs the 
C-lobe in similar manners. Furthermore, the results here suggest that at extreme pH, 
structural effects at one region of the protein may be more rapidly transmitted to other 
regions of the protein, and therefore, acidic or basic pH treatment effects may be 
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eventually disruptive to multiple regions of the protein despite initially seeming to be 
localised to specific regions of the protein. 
Finally, it is hereby proposed that patterns in the network structure of inter-residue 
correlation gain might be useful for detecting the initial stages of protein unfolding. In 
previous work on high temperature effects, it was noted that at an extreme treatment 
temperature of 400 K, the correlation gain network adopted a characteristic that is quite 
distinct from those of lower temperatures, and contains large clusters of highly-
interconnected nodes; these clusters are also highly connected with each other, such that 
there is effectively one single “mega cluster” describing large scale increases in 
motional correlation throughout the protein (unpublished). Likewise, in the present 
work, pH 14.0 conditions are seen to cause a correlation gain network structure that has 
similar characteristics to those of the 400 K simulation, with three large highly-
interconnected clusters in which the member nodes are also highly interconnected. In 
both cases, it is reasonable to assume that extreme temperature or pH basicity has 
caused sufficient disruption to the protein structure to result in continuous structural 
transformations that persist even to the end of the simulation time, while “milder” 
temperature or pH conditions do not cause disruptions to protein integrity to such an 
extent. The appearance of a distinctive correlation gain network topology similar to 
those identified in this present work may serve as an additional qualitative measure by 
which to determine whether a protein can be considered to undergo denaturation under 
prescribed simulation conditions. 
 
5.4 Conclusions   
In the present work, we have employed MD simulations to study the effects of 
“extreme” acidic (nominally pH 1.0) and basic pH (nominally pH 14.0) conditions on 
apo-lactoferrin relative to neutral pH. The acidic pH condition examined is potentially 
experienced by the protein in the course of its lifetime as a food component product, 
whereas the extreme basic pH condition studied, is not an environment, to which apo-Lf 
would routinely be exposed as a food product, nevertheless helps to elucidate structural 
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transformations of the protein under atypical, basic conditions. Thus, the simulations 
described in the current work enable us to propose structural and dynamical effects of a 
range of pH conditions on the protein, which might be relevant for the influences of 
these conditions on its biological functional properties.  
Overall, simulations indicate that the structure of apo-Lf is relatively stable at neutral 
pH, while acidic and basic pH result in substantially greater flexibility, partly induced 
by the loss of contacts between the N- and C-terminal lobes which cause them to 
undergo extensive bending and twisting motions relative to each other. The simulations 
predict that basic pH is likely to cause a greater overall disruption to the apo-Lf 
structure compared to acidic. Additionally, acidic pH was found to have the greatest 
influence on the N-terminus, with increased backbone fluctuations and disruptions of 
inter-residue contacts relative to neutral pH; while basic pH was found to more 
prominently increase fluctuations and disrupt contacts at the C-terminus. These general 
results suggest that acidic pH might have great disruptive impact on the antibacterial 
properties of apo-Lf, which are largely localised to the N-terminal lobe, while basic pH 
might have some impact on the bacterial membrane binding capacity, which we 
previously predicted to be mediated by residues in the C-terminal lobe. 
The current simulations were performed under the assumption that extreme acidic 
environments cause all titratable side chains to be protonated, while extreme basic 
environments cause all titratable side chains to be deprotonated. While these 
assumptions may bear some validity for extreme pH conditions, simulations intended to 
model milder pH environments will require more advanced simulation methods, such as 
constant pH simulation methods [192], for which accurate methodologies are still 
actively being developed and refined. Furthermore, the breakdown of covalent bonding 
in apo-Lf under extreme pH conditions (which cannot be modelled exclusively using 
the classical molecular mechanics approach taken in the present work) will require more 
detailed computational and simulation studies. 
The result of the present simulations, although based on theoretical models, can 
nonetheless be used to further assist in the prediction of successful protection and 
encapsulation of lactic acid bacteria using milk protein materials such as lactoferrin, 
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which can benefit the functional food and pharmaceutical industry by offering an 
alternative encapsulation material. 
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Chapter 6  
Conclusions and Future Work 
 
The purpose of this chapter is to summarise the results obtained from this Masters 
project and draw final conclusions, along with recommendations for further research. 
 
6.1  Summary of Results and 
Discussion   
In this thesis, the behaviour of apo-Lf under various thermal and pH conditions were 
explored. The apo-Lf, with both iron and non-protein related components removed from 
its structure, were simulated in parameters related to food processing such as 
pasteurization, spray drying and UHT as well as wide range of pH conditions. A range 
of structural and conformational analysis methods were performed in order to gain 
insights into the structural properties of apo-Lf in relation to denaturation, anti-bacterial, 
iron binding properties and monitoring the possible bacterial-binding region (which was 
identified through sequence alignment) under various temperature and pH conditions.  
Protein sequence alignment of a known bacterial membrane binding domain, LyM, was 
aligned with lactoferrin. The alignment suggested the existence of a near continuous 
strand (from His420 - Ser421 and Leu427 - Ala460) that showed high sequence 
similarity to LysM (Chapter 4). This region is located in the C-Lobe of the lactoferrin, 
and comprises a partial helical region with associated turns and coils. The proposed 
identification of this region facilitated the discussion of the potential impact of various 
temperature and pH conditions on the possible bacterial surface binding properties of 
apo-Lf obtained from subsequent MD simulations. Additionally, knowledge of the 
locations of other regions of lactoferrin with known functional significance (such as the 
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anti-bacterial peptide regions of lactoferrin located in the N-Lobe [70, 73]) enabled 
further discussion of the possible impact of “extreme” temperature and pH conditions 
on various functions of apo-Lf.  
To elucidate the thermal stability on this located potential binding region as well as the 
other key functional properties of lactoferrin, the effect of temperature was investigated. 
The food processing conditions such as pasteurization, spray drying and UHT were 
selected and the protein was simulated in elevating temperatures from 300 K (27 °C) to 
345 K (72 °C), 300 K (27 °C) to 363 K (90 °C), and 300 K (27 °C) to 400 K (127 °C). 
A range of structural and dynamical analyses were performed on the simulation 
trajectories. The broad structural features of apo-Lf under different temperatures were 
examined by conformational networks and root-mean-square deviation (RMSD) 
analyses, which indicated that apo-Lf exhibits greater structural deviation, with a higher 
diversity of conformational clusters, at elevated temperatures. Radius of gyration (Rg) 
calculations showed that the size of apo-Lf is substantially reduced at 400 K, due to 
collapse of the N- and C-terminal lobes against each other. Root-mean-square 
fluctuation (RMSF) and solvent-accessible-surface-area (SASA) analyses were used to 
examine the changes in per-residue properties with respect to temperature, highlighting 
several regions on apo-Lf that are especially sensitive to elevated temperature. In 
support of these analyses, network analyses of losses in inter-residue contacts indicated 
that at 345 K, isolated residues on loosely-connected loop regions of apo-Lf lose contact 
with their neighbours. At 363 K, this loss becomes more widespread, with further 
residues (still on loop regions only) losing contacts with each other. In contrast, at 400 
K, there is a widespread loss of contacts between residues throughout the entire N-
terminal lobe, including not just loop regions, but also some α-helical regions. This has 
particular implications for the potential loss of antibacterial activity of apo-Lf after UHT 
processing, since most of the known antibacterial peptides derived from Lf originate in 
the N-lobe. Finally, at all temperatures simulated, the region around residue Glu444 
(LysM region) loses contacts with surrounding residues, indicating the fragility of the 
contacts involved in this region even at relatively low temperature. Thus, the bacterial 
surface binding capability of Lf might be especially sensitive to temperature treatment. 
Overall, below 90˚C, the simulations indicate relatively minor changes in overall 
protein structure. At UHT conditions (127˚C), however, marked disruptions to protein 
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structure were found as demonstrated by a substantial decrease in protein dimensions 
due to collapse in the inter-lobe region. There was also a marked increase in residue 
fluctuations in several regions of known functional importance, including antibacterial, 
iron-binding, and putative membrane binding regions, the latter is stabilised by a triplet 
hydrophobic residues which comprised of Leu446, Trp448 and Leu451 at low 
temperature, but which are disrupted under UHT conditions. A unique network analysis 
based on examining gains in inter-residue motional correlation at elevated temperature, 
relative to the baseline simulations at 300 K, provides further insights on the effects of 
heating on the dynamical properties of apo-Lf, and is characterised by the formation of 
large clusters of residues with increased dynamical correlation in the N-terminal lobe.  
To further elucidate protein stability under extreme conditions that apo-Lf may 
experience in its product lifetime as a potential component of novel dairy products, 
from processing through to ingestion/digestion, the effects of extreme pH on this 
located potential binding region as well as the other key functional properties of 
lactoferrin were studied. This involved simulations under pH 1.0, pH 7.0 and pH 14.0. 
Based on the same analysis procedures as the temperature analysis methods, the 
changes in the overall protein fold and several residue-specific measures of structural 
and dynamical properties with respect to changes in pH were examined and discussed in 
terms of the implications of these differences on several functionally relevant regions on 
the protein, including a possible bacterial-binding region which was identified through 
sequence alignment. Examination of the latter region at extremely acidic or basic pH 
enables prediction of the possible effects of different solvent environments on the 
bacterial-binding capacity of the protein, and its potential to act as a bacterial 
encapsulator. In particular, simulations at acidic pH potentially enable prediction of the 
structural viability of apo-lactoferrin to persist in its bacterial encapsulation role within 
the gastric environment of the stomach after human consumption. [11, 17, 104]. 
Overall, it was found that extreme pH conditions alter protein structure and dynamics 
compared to neutral pH, and that basic pH condition induce far greater structural 
disturbance overall. Increase in residue fluctuations and disrupted contacts at the C-
Lobe of apo-Lf were more prominent at basic pH, while acidic pH was found to have 
the greatest influence on the N-Lobe (where the antibacterial peptides are located) with 
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increased backbone fluctuations and disruptions of inter-residue contacts as well as 
greater solvent exposure of part of the iron-binding site.  
 
6.2 Major Conclusions 
Based on the studies conducted in this research project, the following final conclusions 
were drawn: 
1. Lactoferrin is a heavily researched multifunctional protein from bovine milk. 
Much of the current literature describe its properties at an experimental, 
phenomenological level. The research reported in this thesis is the first to further 
understanding characteristics of iron binding, antibacterial, protein denaturation 
and bacterial binding peptide stability of apo-Lf under thermal and pH 
conditions using all-atom computational simulations. 
2. Below 90 °C, the simulations indicate relatively minor changes in overall 
protein structure relative to a low temperature (27 °C) control simulation. At 
UHT conditions (127 °C) disruptions to protein structure are predicted to occur 
at a number of levels such as: reduction in separation between the N- and C-
terminal lobes, α-helical content was reduced, disturbance to the antibacterial 
and iron-binding regions, as well as a C-terminal area predicted to play a role in 
bacterial membrane surface binding. The triplets of hydrophobic residues 
comprised of Leu446, Trp448 and Leu451 is proposed to stabilize the bacterial 
membrane surface binding region. 
 
At neutral pH 7.0 the N-terminal lobe surface is predominantly positive, while a 
mixture of positive and negative charges exists on the C-terminal lobe surface. 
The extreme pH conditions predicted lobe-specific disturbance; with acidic pH 
affecting the N-Lobe more than the high pH, while at high pH, the C-lobe was 
more affected. Neutral pH 7.0 resulted in a relatively rigid structure. Much more 
overall structure disturbance occurred at basic pH with relative twist and 
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detachment of the N- and C-lobes, compared to acidic pH. Monitoring the triplet 
hydrophobic residues (Leu446, Trp448 and Leu451), identified them to play a 
role in stabilizing the proposed bacterial membrane surface binding region, 
which showed  extreme pH conditions disrupts the interactions between this 
triplet of hydrophobic residues, whereas an acidic environment caused greater 
effect to the identified bacterial binding region compared to alkaline conditions.  
 
6.3 Future Work   
This study has focused on apo-Lf and its implications to encapsulate Gram-positive 
bacteria. It is recommended that both holo-Lf and native-Lf, are also studied for 
comparison measures, as they have a greater compact structure compared to apo-Lf.  In 
addition, it is recommended that mutations of the identified bacterial binding regions in 
apo-Lf may provide greater information if the peptides were simulated individually 
using the same parameters of temperature and pH conditions used in this study, with a 
special focus on the hydrophobic triads (Leu446, Trp448 and Leu451).  
Another area is to extend the study with the advancement in computational approach 
using other software programs to assist in further understanding of how the protein 
refolds back to its native conformation if it cools to room temperature which is the 
eventual temperature that the protein will be exposed to as a potential component of 
food products. One further major area of possible improvement in simulation 
methodology relates to the study of “milder”, but arguably more realistic, pH 
conditions. The current simulations were performed under the assumption that extreme 
acidic environments cause all titratable side chains to be protonated, while extreme 
basic environments cause all titratable side chains to be deprotonated. While these 
assumptions may bear some validity for extreme pH conditions, simulations intended to 
model milder pH environments will require more advanced simulation methods, such as 
constant pH simulation methods, for which accurate methodologies are still actively 
being developed and refined. Furthermore, the breakdown of covalent bonding in apo-
Lf under extreme pH conditions (which cannot be modelled exclusively using the 
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classical molecular mechanics approach taken in the present work) will require more 
detailed computational and simulation studies, perhaps combining quantum mechanics 
and classical mechanical approaches. 
It is the hope of the author that this work described in this thesis provides a strong basis 
for ongoing research in this important area.  Furthermore, the present studies may 
contribute to the use of apo-Lf or lactoferrin for potential encapsulation material of 
Gram-positive bacteria, better food processing applications and leading to enhancement 
of their nutritional value.   
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